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ABSTRACT

A theoretical digital computer analysis of the dynamics associated

with the launching of a flexible rocket vehicle constrained to follow a given

launch tower rail distortion pattern is presented. The launch vehicle is repre-

sented by a number of its elastic lateral vibration modes; whereas the launch rails

are represented as quasi-static flexibilities at the riding shoe attachments, where

such flexibilities are periodic but variable with vehicle in-tower position during

launch. The launch dynamic loads are computed for a number of digital computer,

entire in-tower, simulations of the Aerobee 350 launch from the Wallops Island

Launch Tower and are expressed in terms of (i) tower induced forces normal to rail

riding surface (2) vehicle shear distribution as a function of time, and (3) vehi-

cle bending moment distribution as a function of time.

Aerobee 150A vehicle launch simulations were performed and are com-

pared with flight test data, as well as with the Aerobee 350 design configuration,

together with static margin of safety calculations. These comparisons are used to

arrive at an engineering estimate of the degree of loads-stress conservatism in-

herent in the analysis. Possible causes of such conservatism arising from limit-

ing assumptions in the analysis method are discussed, and the conclusion is reached

that the Aerobee 350 design configuration should exhibit adequate structural in-

tegrity during actual launch from the Wallops Tower. Tower structural integrity

should also be exh_ited contingent upon adequate analytical and/or experimental

verification that static loads of at least 5,350 pounds can be imposed on the tower

normal to the rail riding surface at any tower position.

A study of Aerobee 350 design configuration changes employing the

use of soft riding shoes was conducted, and the results show a remarkable reduc-

tion in both vehicle and tower induced loads as well as vehicle displacement.

Also shown was a very marked dependence of the magnitude of vehicle response on

rail distortion sinusoidal frequency.

Discussion of the mathematical accuracies of (i) the modal represen-

tation, and (2) the load computation are presented in two appendicies. A third

appendix presents the details of the digital computer simulation of the problem.
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Section i

SUMMARY

The digital computer analytical simulation of tower-launched

vehicles constrained to follow a given rail distortion pattern, and the

specific application of this analytical tool to the Aerobee 350 program in

order to evaluate tower-vehicle compatibility in terms of expected structural

integrity, has been developed, and the results of this analysis are contained

in this report.

The analysis of the Aerobee 350 is conducted for the current

design configuration utilizing measured rail distortion patterns considered

to represent the typical condition of alignment of the Wallops launching

tower rails. The tower induced loads, vehicle shear and bending moment,

simplified margins of safety, and vehicle displacements and clearances were

computed. As a yardstick of comparison in order to evaluate the conservatism

in the analysis (since certain simplifying assumptions were made that imply

conservatism)_ the Aerobee 150A vehicle, which has been shown experimentally

to be entirely compatible with the launcher by many successful firings, was

also simulated and the results compared with both the Aerobee 350 and

appropriate flight instrumentation recordings of an aerobee 15OA launch.

Margins of safety for the _robee 150A vehicle were also determined_ based on

the same stress analysis conservatism as for the Aerobee 350.

The results of the simulations, with design configurations and

measured rail distortion patterns, have allowed a reasonable estimate to be

made regarding the conservatism both in the loads calculations and in the

loads-stress combination implied in the static margins of safety used for

evaluating rapidly varying dynamic loads effects. The important conclusions

regarding Aerobee 350 vehicle-launch tower compatibility are:

a. The Aerobee 350 vehicle is strong enough to withstand

dynamic loads induced by tower rail misalignments no

worse in magnitude than those measured conditions included

in this report, roughly a total of i/4-inch amplitude

SGC 379TD-I Page i
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waviness. However, the frequency of waviness can be just

as important as the magnitude, and waviness that would induce

a resonant condition must be avoided so that significant de-

parture from the rail distortion patterns in this report

would require further analysis to determine vehicle

structural integrity.

b. The Aerobee 350 vehicle induces loads as much as 50_

higher on the tower than does the Aerobee 150A. However,

considering the loads conservatism to be on the order of

a factor of three too high, tower adequacy may be assured

on condition that the rails can take loads normal to the

shoe riding surface of at least 5,350 lb.

An investigation of design modifications that would reduce the

loads on the Aerobee 350 vehicle and on the tower was made, using softer shoe

support stiffnesses than the design configuration, and the results show that a

very significant reduction in tower induced loads (by a factor on the order of

- 1/20) can be achieved, as well as a reduction in vehicle maximum bending

mon_nt (by a factor on the order of 1/8). Although such a modification cannot

be shown to be required (unless ultra-conservative design practices with

regard to launch loads are insisted upon), these (soft shoe) results indicate

that consideration should be given in the future to practical designs that

employ this concept.

Rail distortion patterns that impose a constant sinusoidal

frequency of forcing function on the front shoe were simulated and the Aerobee

350 soft shoe configuration was launched along them. These studies showed that

the Aerobee 350 vehicle bending moment can be amplified by a factor on the

order of six if the fundamental or second mode is excited. Because of the

variable stiffness of the rail support, many frequencies will be excited,

tending to flatten the response spectrum, but the softer the shoes are, the

less is the importance of rail support stiffness variation. Thus greater ampli-

fications at resonance may be expected, and the spectrum will have a sharper

resonance with soft shoes. Thus rail distortion frequency has been found to

be a very important parameter, and rail alignment procedures should take this

into account by spectrally analyzing these patterns on a time-frequency basis

for each type of vehicle launched. The relative location of vehicle on

elastic support frequencies and the critical exciting frequencies would

determine acceptance or non-acceptance of the particular rail distortion

pattern, and not its amplitude alone.

SGC 379TD-I Page 2
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The summary tables showing the most significant results of the

simulations expressed in terms of maximum bending moments and maximum shoe

loads for both the design._ configuration and the soft shoe configuration of

the Aerobee 350, together with Aerobee 150A simulations are shown in Tables

i, 2, and 3. No factors of conservatism have been applied to the results

shown in these tables, and they are, therefore, not considered quantitative

but comparative.

The development of the in-tower launch dynamics digital com-

puter simulation considered several alternate approaches. First_ a modal

transformation utilizing free-free body bending modes plus the rigid body

translation and pitch modes was used wherein the vehicle shear and bending

moment were computed using a modal summation technique. This technique was

found to be highly inaccurate in computing shear and bending moment because

not enough modes could reasonably be used to accurately represent the shear

discontinuities at the riding shoes. Next, a technique of using beam on

elastic support modes was tried to provide shear discontinuities at the shoes,

but this method was found to be still inaccurate, and was difficult to employ

for the changing conditions as each shoe successively exits the tower.

Comparisons were then made using free-free bending plus rigid body modes, where

in both the effects on accuracy of (i) increasing the number of modes and (2)

using a load integration technique to obtain shear and bending n_ment were

assessed. The method finally established as the most accurate for loads

computation, and found to be adequate to represent the dynamics of the problem,

was a method utilizing six free-free bending modes plus the two rigid body

modes in conjunction with a load integration technique to obtain shear and

bending moment. All simulations made in this study for _he purpose of evaluat-

ing both Aerobee 350 and Aerobee 150A launch dynamics utilized this method.

Due to the limitations imposed by simplifying assumptions, the

launch dynamic analysis program produces loads estimated to be conservative

by a factor of at least three. The most notable limitation is the constraint

that the vehicle riding shoe must always be in contact with the rail. The

effect of even the small gap between the shoes and rails that exists (which

can be on the order of i/2-inch) is enough to imply that the vehicle will

SGC 379TD-I Page 3
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fly freely between rails for an appreciable portion of launch. During these

portions, there will be no forces transmitted at the shoe that is free, and

the loads on both tower and vehicle may thus be significantly reduced. It is

therefore recommended that the program be improved by including the effects

of gap in the simulation. Further improvements should be added, as required,

to provide a better correlation with the results of flight test data.

The detailed conclusions and recommendations are presented in Section

6. With regard to proposed improvements in the digital simulation, further com-

munications in the form of a formal proposal to GSFC for follow-on work will be

forthcoming in the near future.
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Section 2

INTRODUCTION

The Aerobee 350 vehicle is designed to be launched from the Wallops

Island tower, and the vehicle geometrical configuration (Figure I) is similar to

the Aerobee 150A in that the vehicle launch constraints are of the same type.

There are four solid steel shoes attached 90° apart around the helium pressure

bottle, four solid aluminum shoes attached 90o apart around the tail/tank

junction, and four riding shoes mounted on the aft ring of the booster at 90o

intervals. These shoes are approximately three inches wide on the vehicle and

two inches wide on the booster. One of the booster shoes is slotted or keyed

to prevent rotation of the vehicle in the tower due to fin aerodynamic induced

torques. There are four fins in the Aerobee 350 configuration as required for

geometrical compatability with the Wallops Island tower.

The Wallops Island tower (Figure 2) is designed to launch four-

finned vehicles along four guide rails spaced 90o apart around the launch

diameter. These rails can be moved in and out to a maximum diameter of 24

inches, and are supported transversely at each eight-foot interval of twenty

such intervals between tower levels numbered from i to 21. The four guide rails

are designated A, B, C, and D successively, and the keyed booster shoe rides

along rail A. The distance between opposite rails is slightly greater than the

distance between opposite shoes in order to provide clearance between the

vehicle and rails. This clearance is maintained between 1/16 inch and 5/16

inch according to current alignment procedures as stated in Appendix A of the

Aerobee 350 statement of work. It has been found that rail distortion ampli-

tudes on the order of i/4 inch are common, so that the actual gap prevailing

during launch may be as much as i/2 inch total.

The tower is generally not vertical, so that during the initial

phases of launch, gravity will force the vehicle to ride on the guide rail.

Distortions in the rails, however_ produce transverse loading on the vehicle

and when these loads become sufficiently large, one or more shoes leave the
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rail, possibly striking the upper rail (C). Simultaneously, aerodynamic rolling

moments, produced by canting of the fin_ tend to rotate the vehicle about the

guide rail (A). A process, therefore, of bounding and rebounding between rails

B and D is most likely initiated as the vehicle traverses the tower.

The purpose of this study is to estimate the loading, both on the

vehicle and tower, produced by the transverse motion of the vehicle in the

tower. From these estimates of loading, conclusions can be reached relating to

tower vehicle compatability and the effects of tower rail distortion on such

compatability. Also, modifications whereby vehicle and tower loads can be

reduced are considered in this study. An initial study of the problem,

Reference i, was performed using a simple representation of the vehicle. Those

results were primarily qualitative in nature and could not be used to provide

load data. It has since been felt that more accurate load data is necessary in

order to determine the structural adequacy of both the vehicle and tower, and

this is the basis for the present analysis.
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Section 3

ANALYTICAL DEVELOPMENT

3.1 BASIC ASSUMPTIONS

The transverse motion of the vehicle as it moves up the tower is

quite complex, as indicated by the description in the Introduction. The pri-

mary source of motion is the input force provided by the distortion of the

tower rails, but additional forces, such as aerodynamic and gravity forces,

also contribute to vehicle behavior. The flexibility of the vehicle and tower

also affects the character of the vehicle motion, as does the clearance between

the vehicle and rails. In keeping with the scope and purpose of this study to

obtain a more accurate load profile for the vehicle, including body bending

flexibility, without requiring complete analytical generality, the study was

conducted under the following assumptions:

a. The effects of gravity and aerodynamic loading are negligible.

b. The rails are flexible, but undergo no vibratory motion.

The tower itself is rigid.

C. Each shoe, while still in the tower_ is always in contact

with a rail. Thus, in effect, means that there is no

clearance between the vehicle and the rails.

d. The shoe load is concentrated at the mid-point of the shoe.

e. The mass of the vehicle is constant during the period of

time the vehicle is in the tower.

f. The vibratory motions induced in the vehicle are undamped.

go The flexible vehicle is restricted to planar motion and is

constrained to move between two opposite rails having

identical distortion patterns_ with continuous contact be-

tween one rail or the other and each of three vehicle riding

shoes (no gap between a rail and riding shoe).

SGC 379TD-1 Page 12
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3.2 EQUATIONS OF MOTION

The vehicle and rail combination is shown in an arbitrary de-

flected position in Figure 3. The X axis represents the longitudinal axis

of the tower, and is positioned such that it passes through the rail support

points. The stiffnesses (kr) shown between the X axis and the rail represent

the rail flexibility, while those between the vehicle and rail represent shoe

stiffness (ks). The lateral deflection of the centerline of the vehicle, YV'

and of the rail, Yr' are measured from the X axis. The unloaded positions are

denoted by YV and Yr ' respectively.
O O

If the vehicle is divided into a finite number of sections, each

with its own mass and stiffness properties, then the equations of motion can

be written in matrix form as

[m] [%] + [k] [yv] = IF] (i)

where IF] is the external force vector and [m] and [k] represent the mass and

stiffness properties of the vehicle. Since aerodynamic and gravity forces are

considered to be small, IF] is composed of shoe forces (Fs) only. A schematic

description is shown in Figure 4. At any shoe location (leaving off the sub-

script shoe designation for clarity) the force may be written in terms of the

shoe stiffness, ks, the rail stiffness, kr, or an equivalent stiffness_ k*,

from Figure 4 as

[( -YV)- (Yr- Yr)l (2)Fs = ks YVo o

or:

- Yr) (3)F s = k r Yr °

F F
S S

Solving Equation (2) for _-- and Equation (3) for _-- and combining gives
S r

Fs " YV

SGC 379TD-I Page 13
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where

kk

k* = s rk +k (5)
S r

which, of course, is simply the equivalent stiffness expression for two springs

in series. The equation of motion, Equation (1), can now be rewritten in terms

of the shoe forces, as

[m] [yV} + [k] [yv} = [k*] [YVo } -[k*] [yv} (6)

A coordinate transformation will now be made such that the un-

deformed rail distortion pattern (Yr) replaces the unloaded vehicle position
0

(Yv) as the input to the system of Equation (6). Assume the X axis to be
o

shifted laterally a distance, d, to coincide with Yr at t=O, and let y = YV - d.
0

Then Equation (6) becomes

[m] [9} + [k] [d} = [k*] [Yv } - [k*] [y} - [k*] [d} (7)
O

The rail is assumed to be undeformed from the bottom of the tower

to the position of the forward shoe at liftoff. Therefore, at t=O, _=y=O, and

Yr ' which is equal to Yv - d, is also equal to zero. Therefore, [k] [d} = 0
O O

and Equation (7) reduces to

[m] [_} + [k] [y} = [k*] [Yr } - [k*] [y} (8)
O

For a given unloaded rail deformation, Yr ' the in-tower dynamics
O

of the vehicle can be found by integration of Equation (8). Because of the

large number of "lumps" needed for an accurate representation of the system,

however, it will be simpler to work in modal coordinates and thereby reduce

the necessary number of equations. With a free-free modal representation, the

vehicle deflection is the sum of the rigid body and modal deflections. At the

ith mass lump of a vehicle divided into N mass lumps (i = I, 2_.... N) we may

write the modal transformation,

M

Yi = Yc + (xi - _) 8c + Z _ij _j (9)
j=3
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I where Yc and ec

center of gravity, _ij is the deflection at

I modes (j = 3, 4, 5, ---M) and _j is tile od
vantage by t e trarsf rm _ion in Equa ,i_ (

I b_VioO_:that M cannot be greater than N. I

' I 0Jillix- i
I ]..:.

represent the rigid body translation and rotation of the vehicle

station i in the jth mode of M

is the modal coordinate. In order to gain ad-

vantage by the transformation in Equation (9), it is implied that M < N. It is

In matrix form the transformation

(10)

i Or, in compact notation,
{y} = [T] [_} (II)

I
I

I
I
I

I

I

I

where _i = Yc and _2 = e._ [T] is the matrix of modal eigenvectors listed as

columns with the first two eigenvectors corresponding to rigid body translation

and rotation, respectively.

Substituting Equation (ii) into Equation (8), and premultiplying by [T]T, and

applying the orthogonality conditions,
(12)

FMj [_] + [M _] [_] = [T]T [k*J (Yr } - [TIT [k*J [T] [C]
0

[M] is the generalized mass and [Mt._2J = [kJ is the generalized stiffness matrix.

[T]T is the transpose of [T]. The first two rows of [M_ 2] are zero, and the

first two diagonal elements of [MJ are

N

_I =
i=l

M. = total mass of vehicle
l

_2

N N

Mi (xi __)2 + Z zi
i=l i=l

I

I SGC 379TD-I Page 17
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where I. = pitch moment of inertia of the ith section about its cg.
i

Pre-multiplying by [M] -I, Equation (12) is reduced to

,t

{[] = [MJ-I IT]T rk*J{Yr } - ( F_2j + rMj'l [TIT rk*JIT]) {[] (13)
O

where r2j is the matrix of modal frequencies squared and rMj-1 is the inverse

of rMJ. It will be shown later that the modal quantities can be assumed to be

constant as the vehicle traverses the tower. The shoe stiffnesses are also

constant, but the rail stiffness varies with position between tower levels.

As derived in Section 4.3,

k = 105 (ib/in.) (14)

(x)r 1.79 - 0.54 cos 2 _

where L is the distance between tower levels, and x is the distance from the

point at which the rail stiffness is desired to the nearest tower level. The

rail deformation is also a fum_ction of tower position and is more conveniently

expressed in this form than as a function of time. Equation (13) in its present

form, however, requires that both Yr and k* be expressed as time functions. In

order to rectify this, a transformation from time coordinates to position co-
i.

ordinates will be made. The acceleration, _ (t), may be written as

J_

dt 2 dt

Since

t_l 2 _ Id2xl_ (16)
_ _x h-S1_x

I x)and _-_ is the velocity, v, and d2x is the acceleration, a, then Equation

(15) can be written as

" 2
= v _" + a [' (17)
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where the prime notation denotes differentiation with respect to x.

into Equation (13) and solving for _", it is found that

[_,,}= i_2 FMJ'lFTJTFk*J[Yr]- !_ (_2j
V 0 V

Substituting

a

+ [MJ "1 [T] T rk*J [T]) [_] - T [['] (18)
v

The [' term provided by the transfoz_nation is equivalent to a

positive damping term since the acceleration is always greater than zero. Since

the amplitude of the damping coefficient is small for most of the launch, how-

ever (0.03 when the vehicle has risen ten tower levels for example), the damping

term will be considered only in those simulations where the loading is critical.

The integration of Equation (18) provides the in-tower dynamic re-

sponse of the vehicle in terms of the position coordinate, x (in-tower levels £),

for a given unloaded rail deformation, Yr "
O

3.3 DETERMINATION OF VEHICLE LOADS

The loading distribution at any time, t, on the vehicle is com-

puted from the inertial reaction as

P(x) = m(x) _ (x,t) (19)

where the inertial acceleration at station i is computed from the modal accelera-

tion by the modal transformation

M ,t

•, it%

Yi k ) = YC + (xi x) _ + _ %0ij _j (20)
c J=3

,o

and _ is found from _' and _" using Equation (17). The shear distribution is

found by integrating Equation (19) and including the shear provided by the

shoe forces.

i

V(x i) = Z (P(x k) - F k) (21)
k=l
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F k is zero at all stations except the shoe locations (Xc). At

these points it can be computed from

F = k* (Yr - ys ) _ (s = (22)s s Sl' s2' "'-Slast)
0

where y is found from Equation (9). The bending moment distribution is

i

_(xi) : z (v(xk)+ Ik _k) (23)
k=l

Ik is the local pitch moment of inertia at station k and _kis the pitching

acceleration computed from

• . M es

'@k = 8 + _ _j (24)
c J=3 _kj

where Skj is the jth modal vehicle cross-sectional rotation (bending slope) at

the kth station (rad/in.)

Sk is the rotation of the kth beam cross-section (rad)

3.4 DETERMINATION OF VEHICLE MARGINS OF SAFETY

Failure criteria expressed in terms of so-called margins of

safety serve as engineering design requirements in order that the structure

of a given design may be sized in such a way as to insure against failure under

the design loads. Because such criteria must be applied early in the design

of load carrying structure (usually when only static load data are available)

they are conservative by nature. Also, they are almost always totally de-

pendent on material and/or structural configuration specimens tested to fail-

ure solely by the application of static loads, and for the purposes of design,

the failure base is often taken somewhat below the lowest data point of any

given failure scatter. In addition, a factor of safety is often applied to

the failure base to further insure the integrity of the structure to be de-

signed. This is, of course, sound design practice, but the innate conservatism

of such criteria must be remembered when the structural integrity of the design

is to be evaluated by applying the analytically determined dynamic loads to the

essentially static failure criteria.
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The implications of rapidly time-variant loads applied to struc-

ture, insofar as determining if failure would occur, has, by no means, an es-

tablished engineering standard. Test experience with dynamic loads has indicated

that structure can successfully sustain much higher dynamic loads (provided they

are of short duration) than statically applied loads.

The problem of establishing, analytically, the structural integ-

rity of the Aerobee 350 vehicle during the rapidly changing load conditions as-

sociated with the tower launching environment requires some kind of assessment

to be made of the conservatism not only associated with the method used to cal-

culate the loads, but also associated with applying a static failure (margin of

safety) criterion to a dynamic load situation. Fortunately, this problem is

made easier by the fact that a considerable number of Aerobee 150A vehicles have

been launched successfully from the tower. A complete profile of Aerobee 150A

design allowable loads (comparable to those established for the Aerobee 350 and

with the same degree of conservatism) is not available. However, a few critical

Aerobee 150A vehicle stations have been stress-analyzed and margins of safety

have been calculated to the same degree of conservatism as those similar (load

carrying) structural elements of the Aerobee 350. Thus, a kind of yardstick

(though based still on static failure criteria) is now available for comparing

digital computed simulated Aerobee 350 launches with simulated Aerobee 150A

launches.

The following sections present the margin of safety formulae (both

actual and simplified for the Aerobee 350) together with brief descriptions of

the Critical item considered for both the Aerobee 350 and Aerobee 150A vehicles.

Detailed stress calculations and development of the margin of safety formulae

are given in Reference 3. The discussion of the results of using these

formulae for actual tower launch simulations, together with Aerobee 150A -

Aerobee 350 comparisons is presented in Section 5 of this report.

The margin of safety criteria used incorporated the following

factors of safety applied to the material:

a. 1.1 x limit load = design yield

b. 1.25 x limit load = design ultimate
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c. Casting factor applied on aluminum = 75%

d. Casting factor applied on steel = 87%

Design factors used on fasteners were as follows:

a. Bearing factor used for screws = 1.5

b. Fitting factor used for screws = 1.15

c. Fitting factor used on rivets with wide tolerance = 1.15

d. Bearing factor used on rivets with wide tolerance = 1.15

For tank areas a factor of 1.2 is applied against the limit loads in the axial

direction (Pa) and bending moment (M) to obtain design yield.

For the Aerobee 150A, which utilizes countersunk rivets, a bear-

ing factor of 2.0 is used on the heads of the rivets only, but not on the shank.

The following sketch describes the method of calculating the bearing area.

F dl------_

L

/

'\ \

L

4.--d2 --p /
\

\
!

hl (dl + d2)%r - B.F. 2 + d2(h2- hl)

.U

,/

\,

X\

\

where

Abr = bearing area

B.F. = bearing factor = 2.0

The above safety factors and design factors were incorporated in the margin

of safety formulae where applicable to reduce the material allowables so that

the actual loads calculated by the tower dynamics loads program (corresponding

to what has been called "limit" loads) might be used, without modification,

directly in the simplified margin of safety formulae.
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3.4.1 AEROBEE 350 MARGIN OF SAFETY FORMULAE

The stress analysis of the Aerobee 350, Reference 2, was reviewed

by the SGC Structures Department and extended where necessary to provide the

margin of safety expressions for the vehicle. These expressions were determined

for all structural elements which might possibly prove to be critical. The

margins of safety for many non-critical sections were also included for the

sake of completeness. There were no margins computed either for the nose fair-

ing or the booster, which are felt to be extremely safe.

The margins and their associated stations and critical structural

items are tabulated in Table 4, along with the mode of failure. Failure is

governed by tensile loading in the tank sections and by compressive loading

elsewhere in the vehicle. In computing the margins, tank pressure, p, and

axial load, Pa' were assumed to be constant with time. The shears and bending

moments were computed as time-varying dynamic loads by the method of Section

3.3, and these loads were used directly in the margin of safety formulae for

the appropriate vehicle station as sho_m in the Summarj of Margins of Safety,

Table 5. The actual margins of safety are as shown in Table 4, but in order to

preserve proportionality, the simplified margins of safety shown in the third

column of Table 5 were programmed on the digital computer. This assumption was

used in order to allow one to determine_ from simple load proportionality, the

conditions required to achieve any desired margin of safety without necessitating

an entire re-run of the launch dynamic simulation. Thus a unit magnitude of rail

waviness in the tower could be used in the study, and tolerance limits on tower

waviness presumably could then be set, based on the margin of safety calculations.

It is noted, however, that the simplified M.S. formulae yield results that are

correct in magnitude only for small deviations about zero, so that where large

positive or negative margins of safety result, we cannot rely on the simplified

M.S. formulae, but must use the actual M.S. formulae.

3.4.2 AEROBEE 150AMARGIN OF SAFETY FORMULAE

In order to evaluate, analytically, the conservatism used in the

tower dynamic loads and the margin of safety calculations for critical stations
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Table 4 (Continued)

AEROBEE 350 MARGIN OF SAFETY F0_

Critical Item, _t'l Allowables

Station Type Failure Actual M.S. and Known Loads

I

I

I
i

I

I

I

I

I

1
i

I

188.77 To

252

252

252 To

406.62

406.87

419.95

406.87 To

419.95

421.64

422.20

423.30

437.00

Fuel Tank,

Tensile Yield

Cormnon Tank Head,
Tensile Yield

Oxidizer Tank,

Tensile Yield

Aft 0x. Tk Skirtj

Compression Yield

Rivet,

Bearing Yield

Skirt,

Buckling

Lower Pad

.o in Contact

m

o Upper Pad
in Contact

Ring,

Bearing Yield

Fastners

Bearing Yield

Composite Column,

Buckling

Ft F

143.73717 p + .32220 Pa + .07044'MI

Ft_

266.53979 P - .32220 Pa + .070441MI

Fty
- i

P
a

P

Fty
- 1

Pa

P

F
oy

P

F
cy

P

P
a

Fb_

cr
c
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F
ey

Pa

Fb_

Fbty

Pa

Pa

Ft¥

143.52249 p - .32220 Pa 4 "070441MI - 1

F

%
177.00173 p + .3 662 P + .07044JM I

a

.oo85o_ Fb
._1_ q + ._4,M, - i
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I
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_ _ Fs2

- 1

•90909 F
eF

1.08804 P - 205.92 %

I
+ .01142 M + 3.044 Fs21

- i

•07532 Fbt _
-i

.03056 Pa + "005091MI

.05893 Fbt F

.06115 P + .Ol1341MJ
a

24000

(8891 + .O32671MI)[1 + 1.0496 sec J

I
- 1

[.015645 "_/.03307 Pa + "0043691MI]}

147000 psi

8500 lb

487 psi

147000 psi

42OO Ib

525 psi

147000 psi

525 psi

9200 ib

= 147000 psi

525 psi

52000 lb

= 176000 psi

= 496O0 ib

= 34300 psi

= 50000 psi

= _2000 ib

= 17600 psi

= 52000 ib

38000 psi

36000 Ib

43000 psi

= 34200 ib

376OO ib

!
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of the Aerobee 350, the successfully launched Aerobee 150A was also simulated

during launching on the same digital program. The margins of safety for the

Aerobee 150A were calculated at critical stations using the same design con-

servatism as for the Aerobee 350.

The results of detailed margin of safety calculations performed

on the Aerobee 150A are shown in Table 6. The simplified analysis (like that

of the Aerobee 350) assumes a constant axial load condition and determines the

stress imposed on the structural members by this load. This stress is sub-

tracted from the allowable stress, and the remaining allowable stress in the

structure is assigned to bending moments. The net allowable bending moment

was then calculated and compared with the actual bending moment computed in the

digital launch dynamic simulation, resulting in a margin of safety. The sim-

plified margin of safety formulae_ as in the case of the Aerobee 350, allows

simple ratioing of loads to establish new margins of safety.
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Table 6

AEROBEE 150A

S_Y OF MARGINS OF SAFETY

Vehicle

Station Critical Simplified Actual

(in.) Item Fargin of Safety Margin of Safety

0 - 87.81 Nose Fairing

87.81 - 139.11 51.3-in. Extension

139.11 Screw, Shear 38,300 I 827 I
Ultimate M 188 + 0.01672M

150.11 Nose Skirt, 1552000 2981 - 1
Bearing Yield M 20 + 0.00179 M

162.36" 1st Shoe

170.1 Aft-Helium

222.11 Aft-Fuel

1452000
257.86 0xid. Shell, 5622000 i 54090 + 0.1617M -i

Tensile Yield M

299.11 Rivet, 5660 i 237 - i
Bearing Yield M 217 + 0.00353 M

300.26* Fwd Tail

301.41 Skirt, Bearing 12,680 . i 1243 - 1
Yield M 1031 + 0.01672M

330.91 Aft Tail

346.5 Aft Thrust Structure

396.00 3rd Shoe

409.0 Aft Booster

Because of mass lumping techniques, these are the nearest finite mass lumps to the

neutral shoe stations which are 159.99, 300.26, and 389.32 for the 1st, 2nd, and

3rd shoes respectively.
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Section 4

VEHICLE AND TOWER DATA

4.1 VEHICLE CONFIGURATION DATA

4.1.1 AEROBEE 350 DATA

The vehicle parameters of interest are the longitudinal velocity

and acceleration as a function of tower level, the mass and stiffness distribu-

tions, which are necessary for the determination of the vehicle modal properties_

the stiffness of the vehicle shoes_ and the axial loading and tank pressures

needed for an evaluation of the expressions for the margin of safety.

Both the longitudinal velocity and acceleration were obtained

from the digital computer trajectory simulation_ Reference 4. The time history

of velocity is plotted as a function of time from liftoff in Figure 5. Accelera-

tion is shown as the slope of thisbilinear function.

The stiffness and mass distributions were determined for a

vehicle configuration which included two payload extensions and a payload of

500 lb. The vehicle stiffness is expressed in terms of the flexural (EI) and

shear (_)rigidity. Although the mass distribution is a function of time, it

was considered to be constant in the analysis because of the small change (less

than 5%) in mass which occurs during the 1.2 seconds the vehicle is in the

tower. The distribution of mass at tower exit was selected for use in deter-

mining the modes, since, as will be seen later, the loading on the vehicle is

generally a maximum in the upper portion of the tower.

The stiffness of the vehicle shoes was determined from an extensive

structural analysis in the vicinity of the shoe stations, reference 5. The

shoes themselves are quite rigid and the stiffness characteristics are deter-

mined by the flexibilitY of the vehicle support structure. The stiffness of

the three shoes and their corresponding station locations are given below.

SGC 379TD-I Page 33
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Shoe Station Shoe Stiffness

(Actual) (Dynamic Model )

156 156 21,000 ib/in.

421 421 i01,000 ib/in.

572 575 341,000 ib/in.

The relationship between shoe position in the tower as a function

of time during launch is determined from the bi-linear velocity function and

the accelerations aI and a2 by a time integration. The shoe position in tower

levels (_) is given by

_°

i

aI t2
£ . +-- O<t<r
Ol 2L '

aI r

•g . +2L
01

a 2

(2t-_) +2-Y (t-_)2, t_r

\_ = J-,_-,3)

(25)

where _°

l

oi

aI =

a2 =

L =

T =

Position of ith shoe in tower levels

Position if ith shoe initially (time = 0 sec) in tower

levels

Acceleration of booster (ft/sec 2)

Acceleration of booster plus sustainer (ft/sec 2)

Distance between tower levels (ft)

Time of sustainer ignition from booster ignition (seconds)

Using the Aerobee 350 data, Equation (25) becomes

_°

l I°i
oi

+ 13.406t 2, 0 < t < 0.6 sec

(26)

+ 8.044 (2t -0.6) + 16.891 (t - 0.6) 2 , t _ 0.6 sec
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.625 for Shoe i i= i
= .825 for Shoe 2 i= 2

_oi .250 for Shoe 3 i= 3

The plot of Equation (26) is given in Figure 6. This figure may

be used to correlate with time the shoe force dynamic loads vs tower level

given in Section 5.

The tank pressures are 3500 psig for the helium tank, 487 psig

for the fuel tank, and 525 psig for the oxidizer tank. The axial loading

during the first few seconds of flight is nearly constant so that the axial

load distributions at 2.3 seconds, available from Reference 6, can be used in

the margin of safety expressions for all but the most critical station, 423.

For this station the axial loading was computed at t = 1.2 seconds and found

to be 34,200 lb.

The mass and stiffness distributions were sectionalized to

formulate a lumped mass and moment of inertia structural dynamic model of the

vehicle for the purpose of determining its natural lateral vibration modes

during the launch phase. Several configurations were studied during the per-

formance of the program, but the most recent model used, and for which the

basic comparisons with the Aerobee 150A were made, is shown schematically in

Figure 7. This configuration is of the Aerobee 350 with two 22-inch extensions,

carrying a payload approximately equal to 500 ib at the tower exit condition

(t = 1.2 sec).

4.1.2 AEROBEE 150A DATA

The longitudinal velocity and acceleration history of the Aerobee

150A during launch is not greatly different from that of the Aerobee 350, and

for comparison purposes, it is convenient and adequate to consider them to be

the same (see Figure 5).

The stiffness and mass distributions were determined for a vehicle

configuration that included payload extensions totaling 51.3 inches. This

configuration is one that has been launched successfully on several occasions

from the Wallops tower. (Reference 7).
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The vehicle shoe stiffnesses were determined in Reference 4 as

for the Aerobee 350. The stiffness of the three shoes and their corresponding

station locations (corrected to include the 51.3 inches of extensions) are given

below.

Shoe Station

(Actual) (Dynamic Model)

159.99 162.36

300.26 300.26

389.32 396.00

Shoe Stiffness

152,000 ib/in.

138,000 ib/in.

416,000 ib/in.

The positions of each shoe in tower levels as a function of time during launch

was calculated as for the Aerobee 350, Equation (26) for

3.5 for shoe i, i = i

Zoi = 2.125 for shoe 2, i = 2
1.125 for shoe 3, i = 3

Figure 8 shows the tower level position of each shoe as a function of time for

the entire launch.

The tank pressures are 3450 psig for the helium tank, 485 psig

for the fuel tank, and 485 psig for the oxidizer tank. The axial loading during

the first few seconds may be considered nearly constant, and is distributed as

in the case of the Aerobee 350.

The mass and stiffness distributions, as for the Aerobee 350,

were sectionalized to formulate the structural dynamic model used in the

digital simulation of the tower launch dynamics. This lumped model, shown

schematically in Figure 9, is for the t = l.O-sec launch condition, which is

approximately the tower exit time of the Aerobee 150A. This model was used to

obtain all bending mode data used in the simulation of the Aerobee 150A launch.

4.2 VEHICLE LATERAL BENDING MODE DATA

As developed in Section 3, the equations of motion describing the

launch dynamics of a rail-launched vehicle from the Wallops tower utilized the

free-free bending modes of the vehicle in addition to vehicle rigid body
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translation and rotation as generalized coordinates in the formulation. In

Appendix I, the equations of motion are formulated using beam on elastic support

modes as generalized coordinates. The digital program developed to solve the

equations of motion allows a choice of either of the above sets of generalized

coordinates in the launch dynamic simulation.

Whether we select free-free plus rigid body modes or beam on

elastic support modes, the modal natural frequencies, deflection mode shapes,

and cross-sectional rotation mode shapes where lumped rotary inertias occur

must be determined as input to the equations of motion in the simulation. This

section presents in tabular and graphical form, the important data concerning

the modal functions developed for both the Aerobee 350 and Aerobee 150A vehicles.

The natural vibration modes were determined from the lumped para-

meter models developed for the Aerobee 350 and Aerobee 15OA vehicles. These

models consisted of lumped masses and moments of inertia interconnected by

massless stiffnesses represented by the bending (El) and/or shear -_ stiffness

parameters of the vehicles themselves. The method of calculating the natural

vibration modes and frequencies utilized a digital computer program which

employs a Myklestad transfer matrix of recursion formulae relating (between

successive beam sections) the state vectors consisting of the shear, bending

moment, bending slope, total slope (including slope due to shear), and deflec-

tion. Knowing the boundary conditions at both ends of the beam, the frequency

is estimated, and beginning at one end of the beam, the transfer matrix is

employed successively to calculate the state vector at each point along the

beam. The boundary conditions are employed to determine all but one of the

unknown elements in the initial state vector, and this unknown element is

successively iterated with respect to frequency until a solution is obtained.

The program then prints out the shear, bending moment, bending slope (cross-

sectional rotation) and total slope at each beam section together with the

corresponding natural frequency. Then the solution proceeds systematically to

locate the next higher natural frequency. Control is maintained as to the

number of modes desired. For the case of elastic support modes, the spring

constants of the supports tied to finite mass points are presented as additional

input to the program. The program is described in Reference 8.
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The following tables and figures present the frequency and mode

shape data used in the launch dynamic analysis of both the Aerobee 350 and

Aerobee 150A vehicles. The tables present data for several Aerobee 350 payload

weight and time of flight conditions, but the figures present only the data

used for entire tower launch simulations.

Table 7 presents the modal natural frequencies for both the

free-free modes and modes on elastic supports corresponding to the design con-

figuration shoe stiffnesses of the Aerobee 350 vehicle with a 300-1b payload.

The mode shapes themselves are not presented for the sake of brevity. These

modes were used in early studies when the simulation included only the tower

upper five levels, and when comparisons were made between free-free modes and

beam on elastic support modes, as well as the studies of Appendix II.

Table 8 presents the Aerobee 350 natural frequencies of the first

seven modes (including rigid body modes) for free-free modes and three, two,

and one elastic support modes for the soft shoe (2000 ib/in.) configuration.

The configuration of Table 8 uses the heaviest payload_ and corresponds to the

tower exit (t = 1.2 sec) condition. The numbers in parentheses correspond to

the booster ignition (t = 0 sec) condition. The modal data summarized in this

table were used for the entire tower simulations, soft shoe studies and

sinusoidal rail studies. The free-free deflection modes (for t = 1.2 sec)

were used in these studies and are presented graphically in Figure i0.

Of interest in Table 8 is the fact that the soft shoe supports

affect only the first three modal frequencies to any large degree. There is

an important physical implication attached to this which will be discussed in

the section devoted to the soft shoe studies.

Table 9 shows the first eight modal frequencies (including rigid

body translation and rotation) for the Aerobee 150A. This configuration

corresponds essentially to the longer Aerobee 150A vehicles flown recently by

NASA Goddard, for example the flights of NASA 4.79 and NASA 4.80 (Reference 6).

The configuration at approximately tower exit was used to determine these modes

which were used on all simulation runs of the Aerobee 150A. The deflection

mode shapes for the Aerobee 150A are shown in Figure ii,
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Table 7

AEROBEE 350 BENDING MODES

(Payload weight = 300 ib; t = 1.2 sec)

Total vehicle weight = 6,699 ib Center of gravity = 324.76 in.

Mode

Number

Free-Free Modes

(No Supports)

No. Modal Frequency
of

Nodes rad/sec cps

I 0 0 0

2 i 0 0

3 2 27.27 4.34

4 3 66.95 10.65

5 4 134.2 21.36

6 5 176.87 28.15

7 6 216.85 34.51

8 7 312.43 49.73

Three Design Config.

Elastic Support Modes

Shoe Stiffnesses in ib/in, are:

kI = 21,000; k2 = I01,000; k 3 = 341,000

No. Modal Frequency

of

Nodes rad/sec cps

5 40.63 6.47

4 50.46 8.03

3 121.26 19.30

4 142.67 22.71

5 177.02 28.17

6 246.47 39.23

7 328.72 52.32

8 382.66 60.90
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Table 9

AEROBEE 150A BENDING MODES

(Payload Extensions = 51.3 in.; t = 1.0 sec)

Total Vehicle Weight = 1996 ib Center of Gravity = 262.57 in.

Free-Free Modes

Mode (No Supports)

Number No. Modal Frequency

of

Nodes rad/sec

i 0 0

2 I 0

3 2 59.07

4 3 152.86

5 4 260.17

6 5 338.74

7 6 376.97

8 7 482.30

cps

0

0

9.40

24.33

41.41

53.91

6o.oo

76.76
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! 4.3 TOWER DATA
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The tower parameters of interest are the rail deformations and

spring rates. The rail deformations have never been measured over the entire

length of the tower at any one time, but measurements have been made over sec-

tions of the tower on the following dates:

Date

4-01-63

3-03-64

4-03-64

4-09-64

4-11-64

4-14-64

Tower Levels Measured

!5 - 21

12 - 21

1-3/8- 12-_/8

1-3/8- 12-_/8

ii - 16-7/8

ii - 16-7/8

These deformations are plotted in Figures 12 and 13. The earlier

rail measurements are designated A, B, C, and D; whereas, the later rails are A,

B, C, and D, corresponding to the ...... rail letter designations used. It can

be seen that although rail characteristics are in large part similar, significant

changes in the rail can occur from measurement to measurement.

Tower rail spring rates were measured for the Wallops launching

tower on two occasions by NASA personnel. During the week of 3-4-63, loads were

applied by hydraulic jack at two-foot intervals between platforms 6 and 7 and de-

flections of rails (A and C in Figure 12) were measured at each two-foot intel_al.

The two rails did not deflect equal amounts nor were the load deflection curves

linear or consistent; the reasons are believed to be a lack of complete structural

symmetry within the tower and limitations of the measuring equipment, especially

for small deflections (Reference 9). Accordingly, the deflections of the two

rails have been averaged and are summarized below for the maximum load of

2,000 pounds.

!

i

I SGC 379TD-I Page 50

!



n (mmm | | n | | n | mmml m m n m | mm E

0

-4

U
#

%

i!!!

ili_-

)i!ff

_EE

J_tl_

IIII:

II)I:

iiiii

!!),!!

iiiii 
:III:

iiiii
i!!Ji
:II;),J

ii

!!

H--H
+H

-IN-+
_-H

,r,
4+t

H-f

t-H
III



!

!

, :
,
i Rail Support Points

H

I
!

II

I
I1
I
i

i
I

-,n

Figure 14.

SCHEMATIC REPRESENTATION OF WALLOPS TOWER RAIL STRUCTURE

FOR ONE RAIL BETWEEN _/0 SUPPORTS OF ONE TOWER LEVEL
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Location of 2,000-Pound Load

Distance from Support

0' 2' 4' 6' 8'

0' .0256" .0190" - .0085" -

2' .o2o4" .o4o8" - .028o" -

4' .0128" .0308" .0466" .0392" -

6' .0072" .0215" - .0434" -

,, _ ....

According to the reciprocity relationship, the above array

should be symmetric about the diagonal. Furthermore, the deflection at the

two-foot location due to loads at the two-and four-foot locations should be

equal to the deflection at the six-foot location due to loads at the six- and

four-foot locations, respectively, due to symmetry about the center of the

rail section. The above array, in fact, should be symmetric about both

diagonals. When the matrix is symmetrized by averaging about the diagonals,

we have the following set of nine independent deflections.

Location of 2,000-Pound Load

0 !

2'

4'

0' 2' 4' 6' 8'

.0256" .0197" .0128" .0079" .0010"*

- .0421" .0350" .0248" -

- - .0466' - -

* Obtained by extrapolation

The above deflections can be approximately obtained when the

load is applied at a support by assuming the rail supports have a stiffness

of 77,000 ib/in, and that the rail is simply supported. Consequently, when

a load is applied between two rail supports the corresponding deflections

have three components: the deflection _ the left and right support and the
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rail bending deflection. For a load, P, applied at a distance, a, from a support

as shown in Figure 14 the deflection, _, at a distance, x, from the support is:

I
_(x) = 61 +_62+ 6B (27)

I

I
I

I
I

where 61 and 62 are the rail support point deflections and 6B is the additional

deflection due to beam bending. From elementary beam theory,

_=_ (_l (_l_7 ,or_ _ _I

For a rail support constant of K , the deflections at each support are
o

5l-= g--
o

and

I _2 _IP
o

I Substituting these relations into equation (27), the total deflection at x is

1
I
I

5(x) - P I](L - a) (L x) + ax] + P a_____x(L - a) 2 for x _ a (29)
K L2 3 EIL
o

This expression, with the flexural rigidity, El, equal to 1.09 x 109

ib-in. 2 and the rail support stiffness, Ko, equal to 77,000 ib/in, yields the

following deflections for a 2,000-1b load applied at 2-foot intervals along the

rail.

! Location of 2,000-Pound Load

m a m

I O'

4'

O' 2' 4' 6' 8'

•O26" .019" .013" .OO6" -

- .035" .036" .024" -

- - .047" - -

I
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With only one exception (a = 2 ft, x = 2 ft) the above calcula-

tions agree extremely well with the measured values of the preceeding table.

Consequently, the rail will be assumed simply supported in the dynamic analysis.

The reciprocal of the rail spring constant is obtained from Equation (29) by

letting a = x, where Ba(X) i

P k
r

i/kr = i/Ko _(_-_I 2 x (LI 2] - 3ElL3 (_-_I 2 (L 12

2 2 2 2

: _o-__._EI_I +(-_1_+_ (_1 i_l_

A plot of i/k r versus x/L is presented in Figure 15; also shown

is a harmonic function which closely approximates i/k r. The latter, because

of its periodicity, has the advantage of describing the rail spring constant

for all rail sections. Accordingly, the approximation

_ • _x]I/k r = 10 -5 [1.79 54 cos (in./lb) (30)

will be used in the dynamic analysis.

SGC 379TD-I Page 56

!



I

i

I

I

I
I

I

I
I

I

I
I

I

I

I

I
I

i

Section 5

RESULTS OF LAUNCH SIMULATION STUDY

Two basic launch configurations comprise the Aerobee 350 simula-

tion studies presented in this section. The first configuration employs the

design or "hard" shoes, i.e., the shoes are attached directly to the vehicle

at the mounting points so that the shoe support stiffness is essentially the

stiffness of the vehicle member to which the shoe is attached (see Reference 5).

The second Aerobee 350 configuration simulated in the "soft" shoe

configuration, in which the shoes are considered attached to the vehicle by

means of shoe supports having a relatively low spring constant (2000 ib/in, for

each of the three sets of shoes for most simulations).

In addition to the above Aerobee 350 simulations, the Aerobee 150A

with a 51.3-inch payload extension and about 200-1b payload was simulated on its

desigh configuration shoes. (See Reference 5 for shoe stiffness calculations.)

The purpose of the Aerobee 150A simulations was to provide a basis of comparison

by which a known flight vehicle having demonstrated launch tower compatibility

may be used to assess the expected differences in tower loading indicated by

the Aerobee 350, and to estimate the loads-stress conservatism in the analysis

both by comparison with measured Aerobee 150A flight test data and by the use

of stress failure criteria equivalent to that used in the Aerobee 350 studies.

The implications of the resulting Aerobee 350 shoe loads on tower

adequacy are presented, followed by a discussion of the implications of vehicle

loads during launch on Aerobee 350 vehicle structural integrity.

The following subsections present the results of all in-tower

launch dynamics analyses in approximate chronological order within the two main

categories of "design" shoe studies and "soft" shoe studies.
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5.1 DESIGN CONFIGURATION

The Aerobee 350 design configuration launch tower dynamics simu-

lation studies utilize both flexible (modal) and rigid body vehicle models with

the design or "hard" shoes and consider entire tower simulations as well as runs

from level 16 to level 21. The rail forcing functions for these runs were based

on measured (Wallops) tower rail misalignment data summarized in Figures 12 and

13 with the A, B, C, or D rail designations as noted on the figures. The design

rail configuration considered is D or D where the bar denotes the average of the

latest measured data for the entire tower. These two "design" rail conditions

form the basis for considering the envelope of maximum expected dynamic loading

situations, and the D and D rails are used as common rail distortion forcing

conditions for comparison of the Aerobee 350 and Aerobee 150A vehicles. The

forward velocity and acceleration tower level histories are considered identical

for both the Aerobee 350 and Aerobee 150A vehicles (see Figure 5), and were used

for all entire tower simulations for purposes of comparing the two vehicles.

The results presented for the upper tower simulation are to be

considered informative only in regard to showing the effects of vehicle flexi-

bility on reducing the tower loads_ as well as serving as a synopsis of the de-

tailed and quantitative entire tower simulation studies.

5.1.i UPPER TOWER SIMULATION

The initial simulations studied were restricted to the upper five

bays of the tower between levels 16 and 21. This restriction was made so that

the Aerobee 350 vehicle velocity could be assumed to be a constant without seri-

ous error, thus simplifying the analysis. With such an approach it was also

planned to introduce initial conditions in the form of initial transverse veloc-

ities in lateral translation and pitch corresponding to the maximum velocities

experienced by the vehicle during a run. Although this approach is the simplest

conceptually, it became apparent after a few trial runs that the selection of

initial conditions is, at best, a very arbitrary approach, and the rapidly

divergent character of the dynamic loads warranted a consideration of the in-

fluence of rail waviness in lower regions of the tower when the vehicle could

be started from rest - essentially zero initial conditions except for the small

gravity component normal to the rails.
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Before the entire tower simulation was developed, however, some

interesting results were obtained using the upper tower simulation which indi-

cated that the effects of vehicle flexibility reduced the loads on the tower

markedly from the loads produced when the vehicle is considered as a rigid body.

The "worst" case tower rail initial distortion pattern was simulated from the

rail D configuration measured in May 1963. This configuration is shown in Fig-

ure 16 composed such that there is zero initial rail deflection at tower level

16 and zero rail deflection at tower exit at level 21. The dynamic simulation

assumed no initial transverse translation or pitch velocity. The resulting

tower launch dynamic loads determined by the Aerobee 350 vehicle constrained to

move along the simulated rail distortion pattern are shown in Figure 17 in terms

of the dynamic force applied to the tower at each of the flexible riding shoes.

From this figure it is readily seen that the rigid body representation of the

Aerobee 350 vehicle imposes loads on the tower which are a maximum of 2.32 times

the maximum loads resulting from the flexible (sixteen bending plus two rigid

modes) representation. The maximum rigid body load occurs at the third riding

shoe when this vehicle shoe passes tower level 19.9, and is 13,000 ib in magni-

tude. The maximum flexible body load occurs at the third riding shoe when this

vehicle shoe passes tower level 18.2 and is 5600 lb in magnitude.

Historically, about the time that the above Adtrobee 350 runs

were made, the Aerobee 150A was also simulated for comparison purposes. The

results at that time indicated that the maximum loads on the tower induced by

the flexible simulation of the Aerobee 150A was about 1.3 times the maximum

load on the Aerobee 350. However, the shoe locations used on the Aerobee 150A

did not take into account the 51.3-inch payload extension configuration of the

model used to determine the Aerobee 150A modes. Thus the shoes were simulated

at locations 51.3 inches forward of their true location. Later, when the entire

tower simulations were made, this error was discovered, and the correction re-

duced the Aerobee 150A tower loads by a factor of 1.7. Also, the effects of

rotary inertia were previously omitted from the Aerobee 150A simulation. When

these effects were included in the entire tower simulation the maximum Aerobee

150A tower induced loads were further reduced by about 10% (a factor of i.I).
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Combining these correction factors, this rough estimate indicates that the

actual (correct) Aerobee 150A flexible configuration should have imposed maxi-

mum loads on the tower approximately 0.7 times the maximum load produced by the

Aerobee 350 flexible configuration, rather than 1.3 times this load, when the

upper tower simulation using rail D of Figure 16 is used. The more realistic

entire tower launch simulations (which will be discussed in detail later in the

report) indicated that the Aerobee 150A maximum tower loads were about 0.81

times the maximum tower load produced by the Aerobee 350.

The significant result of the upper tower simulations is that

vehicle flexibility is shown to be helpful to a considerable degree in reducing

the tower loads. It would be expected that vehicle flexibility might be help-

ful in this way since the more that strain energy induced by the rail waviness

is contained in the vehicle, the less energy there remains to be contained in

the shoe and tower rail supports.

5.1.2 ENTIRE TOWER SIMULATION

The rail distortion patterns used for the Aerobee 350 design con-

figuration and for comparison purposes with the Aerobee 150A were the rail D

and rail D distortion patterns shown in Figures 12 and 13.

The loads imposed on the tower at the riding shoes as a function

of tower level are shown in Figures 18 and 19 for both the Aerobee 3_0 and

Aerobee 150A riding in rails D and D, respectively. The significant results

that may be stated with regard to the Aerobee 350 are listed:

a. The rail D distortion pattern produces slightly greater loads

than does rail D. The maximum load for rail D occurs at the

aft shoe location of the vehicle and reaches a magnitude of

nearl z 16,000 ib at tower level 18. The maximum load for
rail D occurs at the middle shoe location of the vehicle and

reaches a magnitude of nearly 15,000 ib at tower exit.

b. The rail D distortion pattern causes a more divergent shoe

load characteristic during launch near tower exit, whereas

the rail _ distortion pattern produces a sort of "beat"

phenomenon, especially at the third shoe which becomes a

maximum at about the 14th tower level.
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A more detailed frequency analysis of the Aerobee 350 tower load

data shown in Figures 18 and 19 was conducted. These results are plotted for

each riding shoe in terms of shoe position in tower levels vs tower level fre-

quency (n) (obtained from the plots). Curves were "eye-balled" through these

data as shown in Figures 20 and 21 for rail D and rail D respectively. By using

n
the shoe position vs _ plots of Figure 42 (in Section 5.2.2) the actual real

time frequency (f) corresponding to these data was calculated. The plots of

shoe position in tower levels vs (f) are shown in Figures 22 and 23 for rail D

and rail D, respectively.

The interesting result shown in the plots of Figures 22 and 23 is

that there are relatively constant response frequencies associated with each of

the riding shoe forces along the entire length of the tower. Now, it is known

that the resonant frequencies of the vehicle shoe stiffness-variable rail stiff-

ness combination will vary during the launch simulation. However if the rela-

tively constant frequencies of Figures 22 and 23 are compared to the beam on

elastic support modal frequencies of the slightly lighter Aerobee 350 vehicle

(300-1b payload) shown in Table 7 of Section 4.2, it is readily seen that the

500-1b payload vehicle probably has resonant frequencies in the first, second,

and fifth modes which are excited by the rail D configuration. In addition to

the first and second modes, a frequency near the third mode resonant condition

is excited by the rail D configuration, as well as more probably a sixth mode

instead of the fifth. The slight differences in payload weight as well as the

fact that the resonant frequencies change slightly during launch due to variable

rail stiffness can account for the differences between the results of these

simulations and Table 7.

The dynamics associated with the motion of the Aerobee 350 vehicle

relate to the accelerations and transverse velocities of certain critical sta-

tions along the vehicle. The dynamic vehicle load of primary interest is the

bending moment, and both the time variance as well as the envelope of maximums

are of interest in evaluating the vehicle structural integrity.
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Figures 24 and 25 show the time history of bending moment during

launch of the Aerobee 350 vehicle along a rail D distortion pattern, and at the

maximum bendin_ moment station (155.8) and the "critical" load station at the

sustainer tail (423), respectively. An "eye-ball" frequency analysis of these

curves indicates the presence of 5.8 cps, 8 cps, and 25 to 33 cps components,

which corroborates the shoe force data. The dominant response components appear

to be near 8 cps and in the 28 to 33-cps frequency band, indicating the domi-

nance of second and fifth bending modes as judged from the data of Table 7 of

Section 4.2.

The number of nodes associated with the bending moment mode shapes

for the beam on design elastic supports is equal to the mode number with the

exception of the first two modes which have three and four nodes respectively.

The envelope of maximum bending moments applied to the Aerobee 350

design configuration during launch along rails D and D, and plotted as functions

of vehicle station, are shown in Figures 26 and 27, respectively. Also shown

ksl =on the _ case of Figure 27 is the envelope for the soft shoe ( = ks2 = ks3

2000 Ib/in.) configuration for comparison purposes. (This will be discussed in

detail in Section 5.2.) From these envelopes it is easily seen that rail D in-

duces the highest bending moment throughout most of the vehicle, and the maximum

bending moment station is somewhat aft of that shown in Figure 27 for rail D.

It is to be noted that an average of 55% of the sustainer vehicle experiences

bending moments above 300,000 in.-ib considering both rail D and rail D simula-

tions. However, these peak loads prevail for only very short periods of time.

Bending moments above i00,000 in.-ib prevail for periods on the order of 0.04

second (see Figure 24).

The envelope bending moment maximum distribution was used to cal-

culate the vehicle margins of safety, and it must be remembered that the margin

of safety criteria are based on static load only. Therefore_ the interpretation

of the envelope curves of Figures 26 and 27 must be made with discretion. The

conservatism associated with applying static margin of safety criteria to dynamic

load situations has been already discussed in some detail in Section 3.4.1, and

further details and interpretive discussion in terms of estimated actual margins

of safety are given later in Section 5.1.5.
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The distributed body bending moment for rail D simulation at

t = 0.966 second (which is the time of occurrence of the maximum bending moment

on the vehicle) is shown in Figure 28. This bending moment distribution has

four definite moment nodes (zeroes), thus corroborating the presence of a second

mode bending component. There is a small negative moment near the end of the

beam, indicating the possibility of an additional node near the end of the beam.

This would imply the presence of some fifth mode bending response also, as the

frequency analysis shows.

The transverse velocity of the nose, center of gravity, and tail

(station 423) of the Aerobee 350 vehicle during launch along the _ rail is shown

in Figure 29. From this figure it is seen that the transverse velocity of the

vehicle within the tower is limited to a relatively small value (less than 7

ft/sec compared to the vehicle forward velocity of about 300 ft/sec attained at

tower exit). This means that near tower exit the effect of gap between the

rails and vehicle riding shoes (estimated at nearly 1/2 inch total) is such

that as the vehicle shoe leaves one rail with the velocity of 7 ft/sec, the ve-

hicle will have traveled over 0.2 of a tower level before impact occurs at the

opposite rail. This effect is even more pronounced in the lower regions of the

tower where the forward velocity of the vehicle has attained on the order of

150 ft/sec, but the vehicle transverse velocity is only on the order of 2 ft/

sec. Over one third of an entire tower level would be traversed by the vehicle

during which time the riding shoe force would be essentially zero because of gap.

From the rail _ distortion pattern of Figure 13, Section 4.3, it

is easily seen that these "free" travel distances would have a marked effect on

the amount of rail waviness actually "seen" by the Aerobee 350 vehicle. This

could reduce the amount of energy transmitted to the vehicle in the riding shoes

by a considerable amount, thus reducing the loads on both the vehicle and the

tower.

The transverse acceleration at the nose, center of gravity, and

tail can (station 423) of the Aerobee 350 vehicle during launch along the

rail is shown in Figure 30. The dominant frequency of these time histories is
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in the bandwidth 30 to 40 cps, implying strong fifth and sixth bending response.

The acceleration level at the nose is high, on the order of 40 to 50 g's at peak

conditions, but the acceleration levels at the center of gravity and sustalner

tall are relatively mild; on the order of 4 g's at the cg and as high as 15 g's

at the sustainer tail.

5.1.3 COMPARISON WITH AEROBEE 150A

The Aerobee 150A, which has been launched successfully many times

from the Wallops tower, is a natural "yardstick" of comparison, whereby the

relative importance of dynamic load effects during launch of the Aerobee 350

might be assessed. This section presents the results of Aerobee 150A simula-

tions on the rail D and D rail distortion patterns as well as a comparison of

acceleration time histories during launch between measured (flight) accelera-

tions of Vehicle NASA 4.59 and the digital computer simulation. Comparisons

are also made between the Aerobee 350 and Aerobee 150A with regard to tower-

induced loads.

Comparing the tower-induced loads first, it is seen from Figures

18 and 19 that the maximum load induced on the tower by the Aerobee 150A riding

on the rail D distortion pattern occurs when the aft shoe passes tower level

20.25 and is about 13,000 ib in magnitude. The forward shoe of the Aerobee 150A

appears to induce about 12_500 ib of load at tower level 19. The middle shoe

induces a maximum load of 9000 ib at tower level 20. The corresponding maximum

loads on the tower induced by the Aerobee 350 are: 600 ib by the forward shoe

as it passes tower level 18, 14,500 ib by the middle shoe as it passes tower

level 20, and nearly 16_000 ib by the aft shoe as it passes tower level 18.

Thus, the Aerobee 150A induces, respectively, 2.08, 0.62, and 0.81 times the

maximum loads induced by the forward, middle, and aft shoes of the Aerobee 350.

The Aerobee 350 induces the highest loads on the tower for the rail D distortion

pattern by about 23% of the Aerobee 15OA induced maximum load of 13,000 lb.

For the Aerobee 150A riding the rail D distortion pattern, the

forward shoe maximum induced tower load is 5800 ib in magnitude as the forward

shoe passes tower level 14.8; the middle shoe maximum induced tower load is

8250 ib in magnitude as the middle shoe passes tower level 18.15; and the aft
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shoe maximum induced tower load is i0,000 ib in magnitude as the aft shoe passes

tower level 18.7. The corresponding maximum loads on the tower induced by the

Aerobee 350 are: 8400 Ib by the forward shoe as it passes tower level 19.1,

15,000 ib by the middle shoe as it exits the tower, and 12_000 ib by the aft

shoe as it passes tower level 14.1. Thus, the Aerobee 150A induces, respec-

tively, 0.69, 0.55, and 0.825 times the maximum loads induced by the forward,

middle, and aft shoes of the Aerobee 350. The Aerobee 350 induces the highest

loads on the tower for the rail D distortion pattern by about 50% of the Aerobee

150A induced maximum load of i0,000 lb.

The second comparison made between the Aerobee 150A and the Aerobee

350 is with regard to the time histories of bending moment at the maximum bend-

ing moment station on the sustainer and the critical sustainer tail can station.

For the Aerobee 150A, these two stations, as measured from the nose of the ex-

tended (51.3-inch payload extension) vehicle, are stations 193.6 and 300.26,

respectively. The same rail distortion pattern D is used for the Aerobee 150A

comparison with the Aerobee 350. The time history of bending moment at the two

Aerobee 150A stations of interest are shown in Figures 31 and 32 for the maximum

bending moment station and the sustainer tail can station, respectively. Com-

paring the maximum bending moment station time history with that determined for

the Aerobee 350 as shown in Figure 24, it is readily seen that the maximum bend-

ing moment experienced on the sustainer of the Aerobee 150A is 211,000 in.-ib_

which is about 0.433 of the maximum experienced by the Aerobee 350 sustainer.

At _i, _11_ ^ ^ _on_s point it is well to point out that _A sustainer maxiFzambending mom_no

for the Aerobee 150A is not the maximum for the launch configuration including

the booster. As will be shown later, there is a maximum bending moment station

on the booster for the rail D simulation (station 350) that experiences a max-

imumbending moment of 226,000 in.-ib. The maximum bending moment on the booster

with the Aerobee 350 launch configuration, however, is not the maximum for the

entire booster-sustainer configuration for either the rail D or D simulations

(see Figures 26 and 27).
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Returning to the time history comparison of maximum bending moment

on the sustainers of both vehicles, it is further noted that more of a frequency

"beat" phenomenon occurs on the Aerobee 350 near tower exit, whereas the Aerobee

150A appears to experience a fairly uniform divergence, with the maximum occur-

ring almost at the instant of tower exit. The frequency components associated

with the Aerobee 150A bending moment time histories for the launch simulation on

rail D are largely 12 to 15 cps and 40 to 50 cps as contrasted to 5.8 cps, 8

cps, and 25 to 33 cps components for the Aerobee 350. Although no beam on elas-

tic support modes were generated for the Aerobee 150A, and, consequently, no

direct comparison can be made with the data of Section 4.2, these frequency re-

sponse bands for the Aerobee 150A may reflect the presence of appreciable coupled

body bending for two modes between the third and sixth or possibly the seventh

as judged from the Aerobee 150A free-free modes of Table 9 of Section 4.2.

A comparison of bending moment time histories for the critical

sustainer tail can location for the Aerobee 350 and Aerobee 150A (Figures 25

and 32, respectively) shows some similarity with regard to the divergent char-

acter of these loads during the launch simulation. The Aerobee 350 experiences

the larger bending moment: 175,000 in.-ib as compared to the Aerobee 150A bend-

ing moment of 83,000 in.-ib, which is about 0.475 of the Aerobee 350 bending

moment at this similar station. The frequency comparison between the two ve-

hicles is the same as that given for the maximum bending moment stations.

The envelope of maximum bending moments applied to the Aerobee

150A during launch along rails D and D, and plotted as functions of vehicle body

station, are shown in Figures 33 and 34, respectively. Comparing these curves

together first, it is seen that the rail D configuration induces the highest

•bending moment throughout the vehicle, as was the experience of the Aerobee 350

simulation. One notable difference with the Aerobee 150A, however, is shown by

the fact that the booster experiences the maximax bending moment during the

rail D simulation, whereas, for the case of the Aerobee 350, the maximax bending

moment is experienced by the sustainer. Again it is noted from the Aerobee 150A

maximum bending moment envelopes, considering both rail D and D simulations,
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that an average of 55% of the sustainer vehicle experiences bending moments

above 140,000 in.-ib, compared with 300,000 in.-ib for 55% of the Aerobee 350

sustainer vehicle. The severity of the bending moment load experienced by the

same percentage of the Aerobee 15OA sustainer vehicle as for the Aerobee 350

sustainer vehicle is about 0.47 that of the Aerobee 350. As in the case of the

Aerobee 35D, these peak loads prevail for very brief periods of time, and bend-

ing moments above i00,000 in.-ib prevail for periods on the order of only 0.01

second (see Figure 31).

The transverse velocity data for the Aerobee 150Awere not analyzed

since it was expected to indicate the same qualitative information as the

Aerobee 350, namely, that the effect of gap between the rails and shoes would

have an appreciable effect on the percentage of time that the vehicle shoes and

rails were physically in contact, thus emphasizing the conservatism of the basic

computer simulation assumption of continuous contact between the rails and the

vehicle riding shoes.

The transverse acceleration at the nose and center of gravity of

the Aerobee 150A vehicle during launch along the D rail is shown in Figure 35.

(The transverse acceleration at the tail can where the middle shoes are located

is shown in the subsequent figure which is discussed later.) The dominant fre-

quency of these time histories is in the bandwidth 40 to 50 cps, implying higher

frequency bending mode response. The acceleration level at the nose appears

very high, on the order of i00 g's at a number of peaks near tower exit, with

two peaks on the order of 300 g's. Actual flights of the Aerobee 150 (Reference

i0) have indicated accelerations on the order of 50 g's in the payload section

which is somewhat aft of the nose. The interesting comparison here with the

Aerobee 350 shows that the Aerobee 150A nose experiences accelerations from 3

to 6 times that of the Aerobee 350. This may be accounted for by two considera-

tions. First, for the longer (51.3-inch extension) than nominal Aerobee 150A,

the distance between the forward shoe and the nose comprises about 0.38 of the

total vehicle length. For the Aerobee 350, this corresponding distance is on

the order of 0.3 of the total vehicle length. The ratio of these two lengths

represents mechanical excitation advantage of forces applied at the front shoe_
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and the Aerobee 150A advantage over the Aerobee 350 is about 1.25. Secondly,

the Aerobee 150A in the simulation carried a payload weight about 0.4 that of

the Aerobee 350. This gives another mechanical excitation advantage to the

Aerobee 150A of about 2.5. Multiplying these mechanical advantage factors

together gives an expected acceleration factor of the Aerobee 150A to the

Aerobee 350 of 3.1. The two very high peaks of 300 g's on the Aerobee 150A,

which are six times greater than those experienced on the Aerobee 350, are

probably due to the relative sensitivity of the Aerobee 150A to certain rail

distortion frequencies to which the Aerobee 350 may not be so sensitive. The

acceleration level at the center of gravity of the Aerobee 150A is milder and

on the same order of magnitude as experienced by the Aerobee 350, though some

peaks are slightly higher.

As a final Aerobee 150A comparison, the acceleration produced by

the launch simulation on rail D, where the acceleration is calculated at the

middle shoe location (which is at the ring located at the aft end of the oxi-

dizer tank), is compared with accelerometer data recorded from flight NASA/4.59.

The flight accelerometers were located with their sensitive axes normal to the

rail surfaces, and at the positions of the middle shoe lugs riding on rails A

and B. The comparison of these data is presented in Figure 36. The most nota-

ble comparison to be made is that the simulated rail D launch produced accelera-

tions on the order of 3 to as much as 6 times those measured in flight. This

is a most important result, since it gives some measure of the innate conserva-

tism associated with the launch dynamic simulation. A secondary comparison

indicates that the actual flight produces greater oscillatory loads in the lower

regions of the tower than does the simulation. A tertiary comparison indicates

that quite similar frequencies are excited in the upper regions of the tower for

the simulation and for the actual flight. Both indicate the presence of fre-

quency components near 20 cps and 50 cps, although the magnitude of these com-

ponents appears to differ between the flight records and the simulation. The

simulation tends to accentuate the higher-frequency (50-cps) component.
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This concludes the comparison studies made between the Aerobee

350 and Aerobee 150A vehicles, as well as between flight measurements and com-

puter simulations of the launch of Aerobee 150A vehicles. The following sec-

tions present calculations and comparisons relating to the expected structural

integrity of the Aerobee 350 design configuration vehicle and the launching

tower itself, based, in part, on the results of this section.

The estimate of conservatism in the simulation with regard to

loads is itself conservatively selected to be a factor of 3. This choice is,

of course, quite an arbitrary one within the range of i to 6, but sufficient

for the purposes of demonstrating vehicle adequacy, and this will be shown in

the sections that follow.

5.1.4 IMPLICATION OF RESULTS ON ADEQUACY OF TOWER DURING LAUNCH OF THE

AEROBEE 350 DESIGN CONFIGURATION

The results of launch dynamic simulations of the Aerobee 350,

insofar as maximum expected tower loads are concerned; when compared with sim-

ilar results obtained for launch simulations of the Aerobee 150A, are not con-

clusive in demonstrating the adequacy of the launching tower. In order that

conclusive evidence of tower adequacy be demonstrated, it would have been nec-

essary to show that, for all rail conditions simulated, the Aerobee 350 imposed

loads on the tower which are not greater than those imposed by the Aerobee 150A.

Since this has not been the case, conclusive analytical demonstration of tower

adequacy to withstand Aerobee 350 design configuration induced launch loads has

not been possible.

Even though the adequacy of the tower cannot be conclusively

established by the results obtained, a measure of the degree of conservatism

in the loads analysis based on a comparison of Aerobee 150A launch simulations

and actual flight measurements for one flight has been obtained. These results

indicate that the simulation produces loads that are on the order of 3 to 6

times those actually experienced in flight. It is, of course, realized that a

single instrumented flight is hardly enough to completely establish the measure

of conservatism in the launch simulations. A number of instrumented flights

(possibly five or more with configurations nearly identical to the simulation

vehicle) is needed to increase the confidence in the measure of the degree of

conservatism for the launch simulation.
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If the above measure of the launch simulation is correct, however_

the resulting implication is that the maximum expected loads imposed on the

tower by the rail D "worst case" configuration could be ratioed down by at least

a factor of 3 from 16,000 ib to 5350 ib for the Aerobee 350 launch. Correspond-

ingly, the maximum load experienced by the tower under simulated launching of

the Aerobee 150A would be reduced from 13,000 ib to 4350 lb. These lower loads

for the Aerobee 150A appear to be more in line with those indicated by strain

gage data (Reference ii) furnished SGC by GSFC from an instrumented flight of

the Aerobee 150. The maximum recorded load indicated by the strain gage data

was 3000 lb. Dye applied to the rails during this instrumented flight indicated

that there was contact between the rails and the vehicle riding shoes for only a

small fraction of the entire length of any of the rails during launch.

It is not the purpose of this report to present a detailed stress

analysis of the critical tower elements in order to arrive at a quantitative

measure of tower adequacy in terms of stress or load allowables. Such a stress

analysis with regard to the rails has been submitted to GSFC previously (Ref-

erence 12). Also, detailed reconmmendations pertaining to tower adequacy, for

which the results of this report form but a portion of the pertinent parts_

have been furnished to GSFC (Reference 3). What has been presented here has

to do only with the implications of the tower loads as determined by the com-

puter launch dynamics simulation on tower adequacy in the light of Aerobee 350-

Aerobee 150A comparisons and comparison with flight measured data in order to

arrive at an estimate of the conservatism that may exist in the analysis.

In conclusion, since the results indicate that tower adequacy is

dependent on capability of the tower rails to sustain loads up to 5350 ib normal

to the riding surface_ it is recommended that such a capability be demonstrated

either analytically or by static load tests.

Before leaving this section, it is well to draw attention to one

aspect of the results that pertains to the method of controlling the alignment

tolerances of the launcher rail system. The results of the rail frequency

analysis as applied to the soft shoe configuration studies indicates that ve-

hicle load transmissibility is highly dependent on the distortion frequencies
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in the tower rails. Although these results will be discussed in detail in

Section 5.2.2, it may be summarized here that the effect of rail sinusoidal

distortions that excite vehicle resonant frequencies have been found to greatly

amplify vehicle loads during tower launch, even when the natural frequency is

as low as 3.4 cps where one might expect that not enough cycles would occur to

allow significant resonant response growth. Thus, it is strongly recommended

that rail distortion patterns be analyzed on a time-frequency basis (not tower

levels) dependent on the forward velocity history of the vehicle to be launched,

and separately for each riding shoe, to determine if forcing functions exist

near the vehicle natural frequencies as determined by analysis for the vehicle

resting on three, two, and finally only one of its riding shoes, as the vehicle

is launched from the tower. Since load magnifications, due to excitations at a

resonant frequency, on the order of six have occurred, the tolerance distortion

amplitude that excites a resonance would have to be small indeed, depending on

the load contributions due to all other rail distortion components, and how

close they bring the tower load to the allowable limit.

5.1.5 IMPLICATION OF RESULTS ON VEHICLE ADEQUACY DURING LAUNCH OF THE

AEROBEE 350 DESIGN CONFIGURATION

The vehicle adequacy to withstand the dynamic stresses in body

bending resulting from the tower launch dynamic simulation is measured quanti-

tatively in terms of minimammargins of safety that compare the allowable load

with the maximum load actually experienced. The margin of safety formulae,

themselves, are based on conservative design philosophy that provide near 100%

insurance against failure for statically applied loads of magnitude equal to

the design allowables or limit loads. These formulae for critical stations of

the Aerobee 350 and Aerobee 150A have been listed previously in Tables 4, 5,

and 6 of Section 3.4. Both actual margins of safety, as well as simplified

margins of safety, are presented in these tables. The simplified margin of

safety (M.S.) formulae are correct in sign for all values of the simplified

M.S. but are correct in magnitude only near zero, so that for large positive

or negative margins, the actual M.S. must be used instead of the simplified

formulae for a quantitative measure of vehicle load adequacy.
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Now, it has been shown that there is a strong possibility that

the dynamic loads on the tower, as determined by the launch dynamic computer

simulation, my be conservative by a factor of at least three in view of the

comparison of Aerobee 150A simulations with actual flight test data. There-

fore, it was not surprising that dynamic simulations of the Aerobee 150A on

the design rail D distortion pattern produced negative margins of safety, even

as did the Aerobee 350 simulations.

Yet, in spite of the results of the dynamic simulations, the

Aerobee 150A has successfully sustained many actual tower launches without

structural failure, and for that reason, it is evident that the loads-stress

calculations in the dynamic simulation are too conservative. In order to

arrive at a realistic evaluation of vehicle load adequacy, this conservatism

must be removed.

Perhaps the simplest, and certainly most expedient, way to remove

the loads-stress conservatism would be to determine that factor which, when

multiplied by the actual dynamic load computed in the simulation, forces the

most negative Aerobee 150A margin of safety to zero. The ratio of actual bend-

ing moment to that allowable bending moment which forces the margin of safety

to zero, for example, provides a quantitative estimate of the degree of loads-

stress conservatism. This same factor would then be used on the Aerobee 350,

and the vehicle load adequacy would be affirmed if none of the new Aerobee 350

margins of safety are zero. This is not the most precise method, since it lumps

the loads and stress conservatisms together, but is certainly a valid enough

approach if the margin of safety formulae for corresponding load carrying struc-

ture between the Aerobee 350 and Aerobee 150A contain the same degree of con-

servatism. Since the method of analysis used to determine margins of safety

for the two vehicles was essentially the same, this condition was satisfied;

i.e. the two analyses contained the same degree of conservatism.

From the simplified margin of safety formulae presented in Table

6 of Section 3.4.1 for the Aerobee 150A, it is readily observed that the values

of bending moment (MBo) that give zero margins of safety for the five stations

analyzed are:
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Aerobee 150A MB (in.-ib)
Vehicle Station (in.) 0

139.11 38,300

150.11 155,000

257.86 562,000

299.11 5,660

301.41 12,680

These same values of TMB_ can also be obtained from the actual margin of safety
formulae presented in ble 6 of Section 3.4.1. The following values of actual

maximum bending moment (MB) computed from the rail D launch dynamics simulation

of the Aerobee 150A at the same stations are:

Aerobee 150A MB (in.-ib)
Vehicle Station (in.)

139.11 111,438

150.11 131,806

257.86 176,832

299.11 76,257

301.41 82,824

The measure of degree of conservatism is the factor (fc) formed

by the ratio of MB to MB0:

f _

c _0

For the same Aerobee 150A vehicle stations we obtain:

Aerobee 150A Conservatism

Vehicle Station (in.) factor (fc)_

139.11 2.92

150.11 0.85

257.86 0.315

299.11 13.45

301.41 6.52
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The only numbers (fc) of importance are those which are greater than unity,

because this indicates that a failure should have occurred at such stations

according to the margin of safety criterion. Since failure does not occur

anywhere along the Aerobee 150A, we are justified in limiting the margin of

safety to zero for the most negative (M.S.) station, namely, station 299.11.

However, a more realistic engineering judgement would seek to take the rapid

time variance of bending moment into account and allow that the more critical

stations (299.11 and 301.41) might experience large negative margins for very

short periods of time without an occurrence of failure. From the Aerobee 150A

time history of bending moment for station 300.26 (Figure 32), the critical

middle shoe location at the sustainer tail can, it is seen that bending moments

above about 17,000 in.-ib (which is three times the allowable for station

299.11) prevail for periods of time not in excess of 0.04 second. This is a

very short duration load, especially when it is realized that material allow-

ables are determined experimentally for load applications many times longer

than this. The equivalent static load that the structure experiences as far as

damage is concerned may conceivably be only half of the peak dynamic load oc-

curring over a very short time period, especially since these loads are not

repeated enough times to cause significant fatigue damage.

Another consideration in determining the degree of conservatism

is based on the results of comparing simulated Aerobee 150A launches with the

actual flight measurements obtained for flight NASA 4.59 which indicated the

likelihood of a degree of loads conservatism on the order of at least three.

Thus, from engineering judgement, considering that the rapid time

variance of dynamic loading can halve the sensible peak load, transmitted to

the structure, and that the comparison of an Aerobee 150A simulation with an

Aerobee 150A actual flight indicates that a factor of at least one third may

be applied to remove the loads conservatism in the simulation, it appears

reasonable that the product of the inverse of these (two times three which

gives a factor of six as a measure of combined loads-stress conservatism) is

a realistic measure of conservatism in the margin of safety formulae for the

Aerobee 350. It is still below the factors of conservatism established at

stations 299.11 and 301.41 of the Aerobee 150A, which we would be justified

in using.
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Thus a factor of 1/6 may be applied to the calculated loads from

the simulation directly to recompute margins of safety for the Aerobee 350.

Table i0 shows the actual margins of safety for the Aerobee 350 vehicle for

all stations analyzed both with and without the factor of conservatism of six.

From Table i0 it is seen that removing the conservatism in the above manner

indicates positive margins for all critical stations of the Aerobee 350. The

most critical station indicated by the revised margins of safety is the loca-

tion of the forward riding shoe, and this station is barely positive.

However, the revised margins of safety should still contain some

stress conservatism, since the only judgements made on loads-stress conserva-

tism had to do with (i) load conservatism and (2) the conservatism in using

static failure criteria to evaluate dynamic load applications. No attempt was

made to decrease safety factors or increase bearing and fitting factors. These

factors were conservatively chosen.

The results of the dynamic simulation indicated that clearance

problems would occur between the vehicle and the rail for the region of the

vehicle between station ii0 and 190. This assumes a minimum allowable clear-

ance of 0.37 inch, which is the thickness of the forward shoes, and does not

include the nearly 0.5-inch total gap between the rails and the shoes. If this

gap were included there would be no vehicle clearance problems at all, even

without removing the loads conservatism by the minimum estimate of a factor

of three.

5.2 SOFT SHOE CONFIGURATION

The results of analyses of the dynamic loads prevailing during

launch of the Aerobee 350 design configuration were not completely conclusive

in establishing tower or vehicle adequacy, since engineering judgements were

required regarding the conservatism of the launch dynamic load simulation and

in the application of design type static stress analysis margin of safety cri-

teria to evaluate the structural effects of a rapidly changing dynamic load

environment. It was not apparent during the performance of the study (though

it became evident after the results were analyzed) that even reasonable engi-

neering judgement would establish an acceptable confidence level concerning the

SGC 379TD-I Page 96



I
I

I
I

I
I
I

I

I

I
I

I

i

I

I

I

I

CO

S

OH
H
E_

co H

H

0

o oo °
0

c_)

F_

°o_0_

H

O_
L_

0

0

_0

4-_

O O

o_'A
_._

t_0_

cO

4* I

"_11

•_ 0

N _ .o
s_
,r--I

r--t

o

r..)

@

.r-t
4-_
.r--I
to
0 ',,0

.;-I

4-_
-_t

0

b9 ,---t
°_-i

_-_

o

o

0

I

©
o_
o

co

od
_0

o

cO

I

o ©

! ._

m

_ m

Od
_.D

ctJ

,--4

t_

Od

._I

! .r't

t_

cO

r--4

O_

O
I

©

O -r-.I

_ 4-_

4._ _

r_
I

I

u_

_4
cO

ffx

O_
,--t

KO
,-I

Od

N

r--t

O O
.,-t

o

N_

,--I

',D

Od
O

r--t

U"X

6
I

©

4_

I

' q-I 0

_-I

LO
0
r_

LO
Od
CL_

0

,--1
,--I

6
I

._1
•_1 _t

m _
(1) i1)

Od

O'_
O
,-I

,--4

aO

O

6
I

©

.r-t

o

4-_

4._

b--

6
,--t
,--I

-O
,-4

gl

r_

O

,--t

O
I

n:J
,--t
©

.,-I

©

,r-I

r_

b-
,--4
,--I

b--

r-I

u_
OJ

r--t

,-t
.-M o
_ .,--I

i1)

• r-t _

,-4 _

CO
r-t
r-t

I SG C 3 79TD- I Page 97

I



I
I

I
I

I
I

I
I
I

I

I
I
I

I

I
I

I

I

_'_ _o

0 0
q_ _._

bDc_

_ ._I
o _

b_

O
Hr_ _

o

.---. _ _ _-_ .0

0_o_ ._

,-4 r..)

_ °_
E-t r_O

HE--t "_

(1)
O 4o

O 4o

O

SGC 379TD- i

o_
-4

b--
rC_

r_
OJ

r_

LF_
r-_

r_
O
O

O

kO
Lf_

O
I

{D
O

O

r_

Lf_

d
I

O

r_

kO

O
I

@

I

4O

O

r--t .,--I

Ol
CO

CO

r--I

.r-I

0
4°

,-t

©

_._
r-,-I _

co

co
t._
r..4

b--

oJ

o
!

o
o-,
o.l

o

t_
o
o

4o

.4

r._

0
4_

r-t

hi)
©

_ -,.-I
F_

_4
4o 0

cO
,--t

O

40 ©

o m
4._ m

,-t %

o,1

_S
cO
r--I

O

,-4

O

r-4

O

O

CO --_ ed
,-t _ r--t
U'_ L_ ,---4

O

,M

© ©

_ .,---I

O

r_ _-_

0J
LfN
('d

b-
b--

_S
00

O
I

i])
_-4
o .,.4

o (D
o_

0J

0J

Page 98

Lf_

C_

d

Lf_

O

f_
@

.,-I

•r--I @
[_ ._i
O_

.r-I
m

E-t

0d
t_
Ol

I



I
I

I
I

I

!

I
i

i
I

!
I

I

i
i

I
I

OH
HEO

co H

_0 H

_ O

O O

o _,--t r_b

E-_ r_ O

o_
u%

SG C 3 79TD- i

o o

-_

© 0 0
_-].H

4J

.r-I

b9
%

_) ,.-4 !

n:J _ O

.r-t

m

cO

_J

n21

(1) -,--t

4-_H_
,-4

O

r_)

_o-r-t

_4._

CO
b--

O

t.f'X

b--

O

CO
b'-
O.1

O

b-
b-
,--t

O

CO
ffh

S

t'--
M3
,-t

O

t_

O

6

Od
OA
Cd

O

6
I

_ _._

(D _ © .H ._4 ._ IX_
E_.H _ b0 _ h0 _4

•H_d _ O _ O _ O

0 _ .N ._ o 0 < b

[=_.d O O
N N

_° _o__ _

b-
cO

kO
O

EA
O%

OA

b-
CO

kO

9

oJ
ko

o

Lrh
Oh

Oh

--.M-

h-
Od
C_

O

_q
r4
b-

6
I

rq

-r4

h0_

_H
_rJ

-.M-
kO

_H
CU

6

OA
Od

O
i

b-
--M-
O

O

cO
b--

O
!

©
.r_

b0

.4
b0;_

•_ (D

Od

Od
OJ
-.d"

©
.r4

(D "_

OJ

Od
rH
r4

6

kO
b--
OJ

O
I

o
rJ

©
-p b0

OrH

rj_q

b-
KA
-.M-

Page 99

!



I
I

I

I

I

I

I

I

I

!

!

I

I

I

I

I

I

I

o
o

0
r-I

,--I

O

O_-_
I--4 r._

O

r._H

H

O

<_

tOO

H_
r_H

O._

SG C 379TD- i

+_
@

to

o

b_

4._

gt,--t

_--I .r.t_ 0%

r-I

_._
r._

r--t

°_

°_

4._
H_

r--t

O
.r-t

.r--I

O

-r-I

o,_

O

00
O

c_
!

bD

.r-I

4._

©

o

co

E_

L_X

J
L_

©

_D

_D

©

o

t---

',D

r-t

b-
O',
O

O
!

,-t

I:_ .rt

I1)

0d
',D

O

O

u_

J
I

"d
,--t

_._
_m

©

g?

I

-O o
m_

b--

u-x

O
,-4

O
o.1

J
!

-o

O _
r._ .r--I

bD

•,--I r--t
_ .,-4

t---
u_

u_

Page i00



I
I

I
I

I
I

I

I
I
I

I
I

I
I

I

I
I
I

adequacy of either the Aerobee 350 design configuration vehicle or the launching

tower to survive the launch dynamic loads. Therefore certain modifications in

the vehicle and/or tower were investigated to determine feasible methods whereby

the loads on the vehicle and the tower could be significantly reduced during

launch.

Realizing that the only means whereby loads are mutually trans-

mitted between the tower and the vehicle is at the vehicle riding shoes, atten-

tion was naturally focused upon design modifications which would tend to reduce

the load transmissibility at these points. It is realized also that the rail

distortion patterns (subjected to a tower level frequency harmonic analysis)

are made up of a certain finite number of sinusoidal components for which there

exists a practical upper limit in frequency. As the vehicle accelerates from

zero velocity to exit velocity during launch, the riding shoes will be subjected

to these sinusoidal forcing functions at a "sweep" frequency rate proportional

to the velocity of the vehicle as it progresses up the launch tower. Because

of the increased velocity near tower exit, the rail "excitation" frequencies

will be highest there.

One principle of vibration isolation for a single degree of free-

dom system attached to a moving foundation through a spring is to locate the

system natural frequency considerably below the lowest excitation frequency of

the moving foundation. Such a procedure can greatly attenuate the absolute

transmissibility to the dynamic system. For the many degree of freedom Aerobee

350 vehicle the principle is still g_nera_lj true with regard to the fundamental

frequency, but_ usually_ care must be exercised not to excite the higher modes

also. Since the most straightforward means to reduce the system fundamental

natural frequency is to reduce the shoe stiffness, this design modification was

investigated. The following sections, which discuss the results of soft shoe

simulations, show clearly that there is a marked reduction in loads transmitted

to the tower and to the vehicle when considerably softer shoes than the design

configuration are used. It is also demonstrated that vehicle deflections are

also markedly reduced, because of vehicle dynamic isolation. (The vehicle shoes

simply follow the rail distortion pattern without exciting vehicle transverse

motion much as an automobile riding on soft springs over a rough road. The

wheels move considerably_ but the automobile moves hardly at all transverse to

the road bed.)
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It should be pointed out, however_ that the results to be pre-

sented compare a soft shoe analysis with a design configuration (hard shoe)

analysis without consideration as to the means of achieving soft shoes in a

design and still maintain required strength to resist shearing loads and pre-

vent "bottoming" out the soft springs. These and many other soft shoe design

considerations present real development problems_ and the use of soft riding

shoes represents a new departure from design practices which have been proven

successful and for which a backlog of experience exists. Thus_ the load reduc-

tion advantage to be gained through employment of soft riding shoes must be

weighed carefully with the requirements for hardware development of such a de-

sign. This is especially true since the results of Aerobee 350 design con-

figuration studies and comparisons with the Aerobee 150A studies and flight

tests have indicated that the launch dynamics of the two vehicles are compara-

ble, and the Aerobee 350_ analytically, seems to be the stronger vehicle.

Thus, reasonable engineering judgement allows the conclusion that vehicle

modifications are not needed.

5.2. i MEASURED RAIL SIMULATIONS

The rail distortion patterns used for most of the soft shoe

studies were those shown in Figure 12 of Section 4.3 for all four rails A, B,

C, and D. For comparison purposes, a soft shoe simulation was also run over

the rail _ distortion pattern of Figure 13 of Section 4.3.

Considering first the effect of soft riding shoe supports on the

loads transmitted to the tower through the shoes, the Aerobee 3_0 with soft

shoe supports (ksl = ks2 = ks3 = 200 ib/in.) was run on an entire tower simula-

tion over rails D and D. The results of these simulations are shown together

graphically in Figure 37. From these plots it is first noticed that both the

general oscillatory character and the order of magnitude of the loads are es-

sentially the same for D and D simulations. The maximum force transmitted by

the shoes is nearly 700 ib at tower level 15 for rail D and at tower level 18

for rail D. The magnitude of these maximum forces contrasts greatly with those

maximum loads achieved in the design configuration studies over rail D and D
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(see Figures 18 and 19). The design configuration, as noted previously, pro-

duced maximum tower loads of 16,000 lb for rail D and 15_000 ib for rail _ sim-

ulations. Thus, the effect of softening the riding shoe supports from the de-

sign stiffnesses (ksl = 21,000 ib/in. Ks2 = i01,000 ib/in, ks3 = 341_000 Ib/in.)

ksl = =to soft shoe stiffnesses ( = ks2 ks3 2000 ib/in.) reduces the maximum

expected load induced on the tower by a factor of nearly 23 for rail D and by

a factor of over 21 for rail D.

The forces transmitted by the shoe supports to the tower are also

those forces transmitted to the vehicle to cause body bending vibration_ and in

view of the large reduction in maximum load in the shoe supports, a large reduc-

tion in maximum vehicle bending moment would also be expected. Comparing the

maximum bending moment envelope produced by the soft shoe configuration for the

rail D distortion pattern with that produced by the design configuration (Fig-

ure 27, Section 5.1.2) it is seen that the maximax of the design configuration

is 7.5 times the maximax of the soft shoe configuration. The reason why the

factor is not 21 as for the shoe force comparison is that frequency affects body

bending vibration as well as shoe force magnitude. (This is discussed in more

detail later in the report.)

The time histories of vehicle bending moment at the station where

the maximum bending moment occurs and at the critical load station on the sus-

tainer tail can (station 4231 are shown in Figures 38 and 39. Other than show-

ing the divergent character of the launch simulation_ the most significant fact

noticed as that a strong 3.4-cps component and some 12-cps response are the

dominant response characteristics. This indicates the presence of strong rigid

body pitching and son_ fourth mode body bending. (With first two modes desig-

nated as rigid body motion. This fourth mode is normally designated the second

body bending mode for a free-free beam with three nodal points.)

The envelopes of maximum vehicle bending moments for the soft-shoe

Aerobee 350 configuration constrained to ride along rails A_ B_ C, and D distor-

tion patterns, respectively, are shown together in Figure 40. The rail B dis-

tortion pattern is apparently the "worst" condition for the soft shoe configura-

tion, although rail D is a close second. The maximax bending moment for each
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of these rail patterns is: 46,000 in.-ib at station 300, 85_500 in.-ib at

station 240, 53,500 in.-ib from station 240 to station 305, and 85,000 in.-ib

at station 300 for rail A, B, C, and D, respectively.

The adequacy of the tower to resist the shoe loads is obvious,

since it has been demonstrated to be capable of withstanding much higher loads

(Reference 9) when load-deflection measurements were made.

The adequacy of the vehicle for all distortion patterns is not

established directly from the computer results. For the rail A distortion pat-

tern, all margins of safety are significantly positive. For the rail B distor-

tion pattern station 423.3 shows a negative margin, but a conservatism factor

of only 1.22 is required to make this margin positive. All margins of safety

are significantly positive for the rail C distortion pattern, and are also

positive (though small at station 423) for the rail D distortion pattern.

Vehicle-rail clearances are well within tolerance limits for all rail simula-

tions even without accounting for the i/2-inch gap. As a further parametric

study using soft shoes_ runs on the apparently "worst" forcing function rail

distortion pattern (rail B) for the soft shoe configuration were made for equal

shoe stiffnesses of i00 ib/in, and 4000 ib/in. The significant parameter,

which is the vehicle maximum bending moment, was plotted versus shoe stiffness.

The station at which the maximum occurred was station 242 for equal shoe stiff-

nesses of 2000 and 4000 ib/in., respectively, and the maximum occurred at sta-

tion 272 for equal shoe stiffnesses of i000 Ib/in. Therefore, the corresponding

maxim'_ms at these two stations for 17a_ variations in _o_±_ess_ were plotted on

two curves. Figure 41 shows the results of this parametric study. The main

point to be made from this figure is that the slopes of these curves (which are

the rates of change in bending moment per change in support stiffness) increase

greatly as stiffness is reduced. This indicates that the softer the shoe sup-

ports are made_ the more significant is the reduction in vehicle maximum loads.

5.2.2 EFFECT OF RAIL FREQUENCY

The rail surface waviness is the means through which dynamic ex-

citations are imparted to the vehicle as it accelerates up the tower during

launch. Since the vehicle on its elastic supports (including the variable
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spring rates of the rails themselves) will have certain characteristic or

natural vibration frequencies that maximize the transmission of vibration en-

ergy to the vehicle, it is of interest to know the response characteristics of

the vehicle due to rail deformation patterns which tend to excite these natural

vibration modes.

For a constant vehicle velocity with respect to the rail surface,

the time frequency of vehicle excitation_ for a given sinusoidal rail deforms-

tion tower level frequency, has a simple linear relationship,

V

f - L n (31)

where

where

f = Vehicle excitation frequency (cps)

V = Vehicle forward velocity (ft/sec)

L = Distance between tower levels (ft)

n = Rail distortion sinusoidal frequency (cycles/tower level)

A sinusoida! rail distortion pattern expressed as a function of

tower levels is of the form

Yro (_) = A sin n

Yro = Rail initial deformation (in.)

A = Amplitude of deformation (in.)

= Distance along tower (tower levels)

V
- t

L

(32)

Expressing Equation (32) as a function of time, we use Equation (31) and get

L V
Yro(t).. = A sin V f " Z t (33)

= A sinf t
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In actuality, as the vehicle is launched, it accelerates from

zero velocity to an exit velocity in a bi-linear manner, i.e., there are two

successive acceleration levels applied to the vehicle corresponding to the

ignition of the booster followed by the ignition of the sustainer approximately

0.6 second later. There is a slight departure from bi-linearity of the velocity

due to the decreasing mass of the rocket, but this effect may be considered

negligible for this analysis.

The bi-linear form of the vehicle forward velocity, expressed as

a function of time, is

ait , o<t<_

v : (34)

a.l _ + a2 (t - _), t _

where a I = Acceleration imparted to vehicle by booster thrust (ft/sec 2)

a2 = Acceleration imparted to vehicle by booster plus sustainer

thrust (ft/sec 2)

T = Time from booster ignition when the sustainer igniter (sec)

V = Vehicle forward velocity (ft/sec)

The graphs of the function expressed in Equation (34), used for

both the Aerobee 350 and Aerobee 150A vehicles, are shown in Figure 5 of

Section 4.1.

Since the three support shoes on either vehicle are spaced at

finite intervals along the vehicle_ the times corresponding to the arrival of

each of the shoes at a given position in the tower during launch will be dif-

ferent. Based on the velocity time history of Figure 5, and the known geomet-

rical positions of the forward, middle, and aft riding shoes for each (Aerobee

350 or Aerobee 150A) vehicle, the graphs of shoe position in tower levels versus

time during launch are shown in Figures 6 and 8 of Section 4.1 for the Aerobee

350 and Aerobee 150A, respectively.
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For a time-variable velocity the form of Equation (31), relating

time frequency to tower level waviness frequency, is still valid, but now the

velocity V is a function of time. Also_ since the sinusoidal forcing function

is transmitted to the vehicle at only the three riding shoes, and since these

are spaced along the vehicle, the tower level frequency (n) corresponding to a

given (constant) time forcing frequency (f) can be matched to only one of the

riding shoes, considered to be the position of application of the exciting

force. This tower level frequency (n)_ of course, will be time variant because

the velocity V is time variant.

Using the data of Figures 5, 6, and 8_ of Section 4.1, a relation-

n

ship between shoe position in tower levels and the frequency ratio _ is de-

veloped for excitations applied to each of the riding shoes for both the Aerobee

350 and Aerobee 150A vehicles. These functional relationships are plotted in

Figures 42 and 43 for the Aerobee 350 and Aerobee 150A, respectively.

The way these figures are used to determine a sinusoidal rail

distortion pattern is as follows:

a. The constant time frequency desired is selected along with

the choice of which shoe will be matched to that frequency.

b. From the data of Figures 42 or 43, depending on which vehicle

is to be used, the variation in tower level frequency (n)

with tower level (_) is determined.

c. The initial rail distortion maximum amplitude (A) is chosen.

d. The initial rail distortion sinusoidal function is calculated

versus tower level by Equation (32).

The functions which are shown graphically in the above mentioned

figures have been programmed in the launch dynamic simulation so that the cal-

culations are performed internally.

It has been found that the severity of vehicle loading is quite

dependent on the frequency of the rail deformation. Complete tower simulations

on sinusoidal rails of 2.5, 3.4, 6.4, 22.2, and 45 cps were made with the 2000

Ib/in. shoes. The peak to peak rail deformation was 0.25 inch. The vehicle

loads peaked very sharply at 3.4 cps, but were relatively insensitive to fre-

quency above i0 cps. This can be seen in Figure 44 where the maximum bending
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moment for each simulation at the maximum bending moment station, and at sta-

tions 420 and 423, are plotted versus frequency. It should be noted that the

allowable bending moments at stations 420 and 423 are 117,450 and 39,060 in.-ib,

respectively, whereas, the peak bending moment at resonance is 185,000 in.-ib.

This would, of course, produce a very negative margin of safety at these two

stations. The maximum bending moment for this condition was 219,000 in.-ib.

Recalling the time histories of bending moment for the soft shoe

simulation on rail B (Figures 38 and 39), it was noticed that a 3.4-cps response

was strongly evident, especially for station 423. Although rail B was not

analyzed harmonically with respect to time, there must be a sinusoidal component

near 3.4 cps to have excited such a strong response. The amplitude of such a

rail distortion component would necessarily be small, because the dynamic bend-

ing moments for the rail B configuration were small. However, in light of the

present results, where such large magnifications can occur for low frequency

resonance, any consideration of using soft shoes to minimize loads must entail

a corresponding tolerance requirement on rail alignment procedures to practi-

cally eliminate any significant amplitude of sinusoidal rail distortion that

excites the fundamental or second harmonic of vehicle response.
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Section 6

DETAILED CONCLUSIONS AND RECOMMENDATIONS

The main conclusions of interest that result from the tower

launch dynamic analysis of the Aerobee 350 pertain to the compatibility of the

launching tower and the Aerobee 350 vehicle during launch insofar as structural

integrity of both are concerned. Also of considerable interest are the con-

clusions and recommendations relating to tower rail alignment considerations

that affect the structural integrity of both the vehicle and the tower. Con-

clusions regarding the effectiveness of certain design modifications whereby

loads during launch may be reduced are also pertinent results of the study.

Secondary conclusions are made relating to the analytical launch

dynamic simulation itself, and its usefulness in predicting structural integ-

rity of tower launched vehicles in general. Recommendations are made for im-

proving its usefulness as a design and structural validation tool and experi-

mentally verifying its accuracy through instrumented flights of tower-launched

vehicles.

The following sections present the conclusions and recommenda-

tions that follow from the foregoing results of the tower launch dynamics

analysis of the Aerobee 350.

6.1 CONCLUSIONS AND RECOMMENDATIONS ON TOWER-VEHICLE COMPATIBILITY

The results of the study indicate that, insofar as the Aerobee

3_0 vehicle is concerned, structural integrity of the design configuration can

be reasonably assured by analysis, because it is shown to be structurally

stronger than the comparable Aerobee l_OA which is continually launched without

measurable loss of vehicle structural integrity. With regard to the tower,

since the loads imposed by the Aerobee 3_0 are greater than those imposed by

the Aerobee 150A, the adequacy of the tower can not be assured by the results

of this study, and recommendations for strengthening the tower have been made

in other documents (References 3 and 12).
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The loads imposed on the tower, as computed by the dynamic simula-

tion, are known to be quite conservative. Based on the minimum indicated meas-

ure of conservatism of the simulation, if the tower structure and rails can be

shown capable of sustaining loads of at least 5350 lb applied normal to the shoe

riding surface at any tower level (but especially the upper levels 16 to 21),

then the structural integrity of the tower would also be reasonably assured.

Thus the conclusion on tower-vehicle compatibility is a condi-

tional one that depends on the capability of the tower to withstand load; but

the vehicle is strong enough. It is therefore recommended that the capability

of the tower to withstand a load of 5390 lb acting normal to the rail riding

surface, and applied at any position in the tower (selected to produce maximum

tower loads), be demonstrated either analytically or by static load test.

6.2 CONCLUSIONS AND RECOMMENDATIONS REGARDING VEHICLE MODIFICATIONS

The results of the study, accounting for the conservatism in the

simulation, have shown by comparison with the Aerobee 150A simulations that,

although the Aerobee 390 sustains higher loads, it is a stronger vehicle than

the Aerobee 150A, and, therefore, needs no modification in design to be suc-

cessfully launched from the Wallops tower. This, of course, is concluded pro-

vided that the tower can sustain up to 50% higher loads than is imposed on it

by launch of the Aerobee 150A.

The results of the study have also indicated that a very signifi-

cant reduction in loads imposed both on the vehicle and on the tower can be

achieved by a design modification whereby the stiffnesses of the vehicle riding

shoes are reduced to 2000 lb/in, each. Such a modification cannot be strongly

recommended, however, for consideration as a design change on the Aerobee 390,

firstly, because the need for reduction in load on the vehicle has not been

established, and secondly, because such a design modification is a departure

from established engineering practices for rail launched vehicles and would re-

quire a carefully planned development program to insure, for example, that the

shoes do not "bottom out" and that the shearing strength of the shoes is pre-

served, to mention only two of the numerous problems that might arise. The
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concept definitely has merit in the consideration of rail launch dynamics for

new vehicle designs_ however, and, from purely load reduction considerations,

certainly represents the safest approach if the other design problems can be

overcome.

6.3 CONCLUSIONS AND RECOMMENDATIONS REGARDING TOWER RAIL ALIGNMENT

PROCEDURES

The results of the study have indicated that if the rail distor-

tion patterns do not vary greatly from those that have been measured and

utilized in this study_ launching of the Aerobee 350 vehicle should be safe_

contingent upon establishment of tower capability to withstand loads on the

order of 53_0 lb.

However_ because the launch dynamics simulation has shown that

there is a very significant frequency dependence of vehicle loads on rail dis-

tortion pattern (load amplifications at vehicle fundamental or second mode

resonance on the order of six can occur), it is strongly recommended that rail

distortion patterns be harmonically analyzed on a time-frequency basis (taking

into account the vehicle forward velocity) for forcing characteristics at each

riding shoe. This will determine the amplitude of sinusoidal excitations at

or near vehicle resonant frequencies, as determined by calculating the natural

modes and frequencies of the vehicle on its elastically supported shoes. These

calculated modes should also include the elastic rail supports and variable

(with shoe location) rail stiffness at enough positions in the tower to deter-

mine how the modal frequencies shift as the vehicle traverses the tower.

These data would be especially useful in evaluating expected

tower-vehicle loads for a given set of tower alignment measurements.

6.4 CONCLUSIONS AND RECOMMENDATIONS CONCERNED WITH THE TOWER

DYNAMICS ANALYTICAL SIMULATION

The development of an analytical simulation of launch dynamics

accounting for body bending vibration effects of a vehicle having a very large

number of degrees of freedom (on the order of 50 or more) that is accurate in

computing vehicle loading, shear_ bending moment, and shoe forces by a modal
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transformation method has been successfully programmed on the digital computer.

This accuracy is a computational accuracy within the constraints imposed by the

assumptions made regarding the dynamic representation.

The significant conclusion is that the number of important dy-

namic degrees of freedom can be reduced from _0 to something on the order of

eight by the modal transformation and still adequately describe the dynamic

shear and bending moment at any of the _0 or more stations on the vehicle.

The accuracy in computing shear and bending moment, however, is dependent on a

load integration technique rather than a summation of the modal components of

shear or bending moment (see Appendix II).

Comparisons with flight instrumented vehicle launches, however,

have uncovered some serious deficiencies in the simulation implying a con-

siderable over-conservatism in the loads calculated in the simulation. These

conservatisms are largely connected with the limiting assumptions used to

simplify the analysis. The most notable conservatism that causes the dynamic

simulation to depart from physical reality has shown itself to be traceable to

the assumption that the vehicle riding shoes are constrained to follow every

peak and valley of the rail distortion pattern. Thus the forces imparted to

the vehicle (and the tower) are always there_ though changing with time_ of

course. The known gap between the riding shoes and the tower on the order of

1/2 inch was first thought to be insignificant_ but the vehicle transverse ve-

locity remains so low compared to its forward velocity in the critical upper

region of the tower that considerable portions of the launch period could con-

ceivably occur when the vehicle shoe loads are zero_ i.e._ the vehicle is in

free flight.

It is felt that the launch dynamic simulation would be consider-

ably improved by removing the above limitation as a first step. The other

limiting assumptions listed in the analytical development section of this re-

port should also be removed in an orderly manner as required to obtain good

correlation with flight test data. With a good correlation established with

flight test data, the launch dynamics program becomes a very valuable analytical

means of predicting in-tower loads and exit dynamic conditions for a very general
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class of tower-launched vehicles. Thus, the analysis could be used for struc-

tural validation based on rail measurements made just prior to launching, as

well as for employment as a design tool for modifications of present vehicles

and for determining load specifications for future vehicles.
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Section 7

NEW TECHNOLOGY

The new technology developed during the in-tower launch dynamics

work tuuder Contract NAS 5-3313 is found in the substance of the digital com-

puter simulation entitled: "In-Tower Launch Dynamic Analysis Digital Computer

Program D-50_" which has been programmed using FORTRAN F-4 and intended for

use on digital computers (such as the IBM 7040) which have a 32K core storage.

The program details are discussed in Appendix III of this report.

The practical implications of the program are that:

a. An engineering analytical tool is now available that simu-

lates the dynamic loading conditions that prevail when an

arbitrary dynamically flexible vehicle is constrained (by

flexible riding supports) to accelerate along an arbitrarily

distorted or sinusoidal statically flexible rail surface in

planar motion. The body bending loads (shear and bending

moment) as well as forces transmitted between the vehicle

and riding surfaces at the supports are computed as well as

all dynamic parameters of interest (accelerations_ veloc-

ities, and displacements).

b. The availability of this practical computational tool pro-

vides the designer of rail constrained vehicles of a very

general class including tower launched sounding rockets,

vehicle sleds_ and a variety of other applications_ with a

rational means of determining dynamic characteristics includ-

ing loads that could very well be the most significant

parameters in determing structural integrity requirements.
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k
sI

k
s2

k
s3

F
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F
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kr(t)

Yr

Yv

o

Yr
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Section 9

GLOSSARY

DEFINITION

Stiffness at Shoe i

Stiffness at Shoe 2

Stiffness at Shoe 3

Force at Shoe I

Force at Shoe 2

Force at Shoe 3

Longitudinal axis of the tower

Stiffnesses shown between the X axis

and the rail_ time varying

Lateral deflection of the rail

Unloaded position of vehicle

Unloaded position of rail

Matrix of Modal Eigenvectors

Matrix of Modal natural frequencies

Generalized Stiffness Matrix

Distance between tower levels

ist Derivative of vehicle modal co-

ordinates with respect to tower position

2nd Derivative of vehicle modal co-

ordinates with respect to tower position

Longitudinal Distance along tower

Rigid body transverse acceleration

UNITS

ib/in.

ib/in.

ib/in.

ib

Ib

ib

ib/in.

in.

in.

ino

rad/sec

ib/in.

ft

in./ft

in./ft 2

tower levels

in./sec 2
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SYMBOL

e
c

I k

¢_

*k

h 1

h 2

d 1

d 2

_br
B.F.

IM!

k

m.
1

,o

YV.
1

Yr.
1

F.
1

k
S

k
r

F k
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DEFINITION

Rigid body pitching acceleration

Bending Moment

Local pitch moment of inertia at

station k

Cross-sectional bending acceleration at
station k

kth modal vehicle cross-sectional rotation

Rivet countersink depth

Thickness of material using countersink
rivet head

Countersunk rivet head diameter

Countersunk rivet shank diameter

Bearing Area

Bearing Factor

Absolute value of actual bending moment

on margin of safety formulae

Equivalent Stiffness of vehicle shoe

support and rail effective stiffness in

series

Mass of vehicle at ith body station

Vehicle lateral acceleration at ith body

station

Vehicle lateral displacement at ith

body station

Vehicle Stiffness matrix

External Force applied to ith body station

General Shoe Stiffness

General Rail Stiffness

External Force equal to zero except at shoe

locations (k = Sl_ s2_ s3)

UNITS

rad/sec 2

in.-ib

2
in.-ib-sec

rad/sec 2

rad

in.

in.

2
in.

in. -ib

ib/ino

ib-sec 2

in.

in./sec 2

in.

Ib/in.

ib

ib/in.

!b/in.

ib/in.
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SYMBOL

V.
1

_v.
1

V

I.
1

t

d

Y

Yc

X.
1

x

8
c

q_ij

*kj

M.
J

M

N

x
S

P
a

P

P

_m' Fm
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DEFINITION

Total Vehicle beam slope including slope

due to shear at ith station

Cross-sectional rotation of vehicle due to

bending only at ith station

V@hicle Forward Velocity

Pitch moment of inertia at ith body station

Real time coordinate

Distance between vehicle centerline and

unloaded rail

Yr-d

fv
Rigid body translation of vehicle

Distance along vehicle to ith body station

from reference

Distance along vehicle to c.g. station from

reference

Rigid body rotation of the vehicle about

center of gravity

Normalized modal deflection of vehicle at

ith station in jth mode

Normalized modal cross sectional rotation

due to bending stiffness only at kth

station in jth mode

Generalized mass in jth mode

Total number of modes

Total number of vehicle body stations

Distance to a vehicle shoe from reference

body station (s = Sl, s2, s3)

Axial load

Concentrated Load Normal to Rails between

rail supports

Tank Pressure

M_terial allowables for condition denoted

by subscript_in (See reference 3, Appendix C)

UNITS

(rad)

(rad )

ft/sec

in.-lb-sec 2

sec

in.

in.

in./sec 2

in.

in.

in.

rad

in./in.

rad/in.

2
!b-sec

in.

m

in.

lb

lb

psig

psi
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M.S.

E.I.

AG/K

oi

a 1

a 2

T

81

8 2

gB

K
o

n

f

f
c
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DEFINITION

Margin of Safety

Flexural Rigidity

Shear Rigidity

Position of ith shoe in tower levels

Position of ith shoe initially

Acceleration of booster

Acceleration of booster plus sustainer

Time of sustainer ignition from booster

ignition

Radius of gyration of lumped vehicle section

moments of inertia

Deflection

Rail support point deflection

Rail support point deflection

Deflection due to beam bending

Rail support spring rate constant

Tower level frequency

Actual real time frequency

Conservatism factor

Bending Moment that gives zero

margin of safety

UNITS

m

2
lb-in.

lb

tower levels

tower levels

ft/sec 2

ft/sec 2

(in.)

in.

in.

in.

in.

Ib/in.

cycles/
tower level

cps

in. -ib
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Appendix I

MODAL REPRESENTATION

I-i REQUIRED NUMBER OF MODES FOR ACCURATE SIMULATION

The number of degrees of freedom used to describe the rigid

body translation, rigid body rotation, and lateral bending dynamics of the

Aerobee 350 vehicle as it is launched from the Wallops tower is largely

determined by the degree of accuracy required in the calculation of (i)

the tower dynamic loads imparted by the vehicle riding shoes and (2) the

dynamic shear and bending moment distributions in the vehicle. These consi-

derations are of primary importance, since the objective of the analysis is

primarily to provide a launch dynamic load evaluation of the Aerobee 350

vehicle which will form a basis for determining the adequacy of the tower

and/or vehicle during a launch simulation.

Because the Aerobee 350 vehicle is a distributed parameter beam

on finite elastic supports, the decision was made to use modal coordinates to

formulate the equations of motion. In order to represent the shear and

bending moment distributions accurately, a very large number of discrete

mass sections of the vehicle (on the order of 50 lumps of mass and moments

of inertia) had to be considered. To formulate such a dynamics probl_m in

ordinary cartesian coordinates would be a formidable numerical computation

task requiring considerable computer storage capacity and having a long running

time, since it would require using up to 50 equations of motion to describe

the system. A considerable saving in computational effort is indicated by a

transformation to modal coordinates where only those modal coordinates of sig-

nificance to the dynamics of the problem are retained.

It is shown in Appendix II that, indeed, the accuracy of the

load computation can be preserved for the Aerobee 350 particular application

by including a total of only eight modes (including the two rigid body modes)

which considerably reduces the computational effort required. Thus only

eight equations of motion are required, rather than the original 50.
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1-2 USE OF FREE-FREE BODY BENDING MODES vs BEAM ON ELASTIC SUPPORT

MODES

Having chosen to use a modal representation, the question arises:

Since the beam is on three, two, and one finite elastic supports during its

traversing of the tower, should we use modes of the beam on elastic supports

(shoe stiffnesses) to describe the motion in order to obtain finite discon-

tinuities at these supports for better convergence of the shear truncated modal

series, and consequently will the entire dynamic model be better? This is a

valid question to raise since the use of free-free modes provides no inherent

discontinuities in each modal shear distribution, and thus requires higher modes

to fit such discontinuities. Also, the rigid body coordinates used with the

free-free modes provide a kinetic loading condition on the beam due to rigid

body accelerations which cause beam bending in higher modes that may be

neglected by series truncation. Since there is no way to evaluate the impor-

tance of this question apart from an actual numerical run on the computer,

it was decided to provide the option in the computer program of using either

free-free modes plus the two rigid body modes, or beam on elastic support modes.

Since the formulation of the equations of motion is slightly different from

the free-free modal representation for a beam on elastic support representation,

a discussion of the elastic mode formulation follows.

The beam on elastic support modes which will be considered are

the bending modes of the vehicle when it is attached to an inertial base by

means of the riding shoes. The development of the equations of motion when

these modes are used follows the development shown in Section 3.2, except that

the shoe stiffnesses must now be included in the vehicle flexibility matrix.

In order to do this it will be convenient to write the shoe force in the

following way:

k

F = k Yv " k Yv - _- YvS s S
o r

Substituting for k from Equation (5) of Section 3.2, and combining terms,

it is found that

Fs -ks_ + _ Yv : h* Yv
o
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where

2
k

S

k +k
S r

The equation of motion, Equation (i) of Section 3.2, can now be written as

As before, let Yv = y + d.

written as

Then Yv = Yv
0 o

+ d and the equation of motion is

(1-2)

However :

= k* + kl*

Using this relationship, and applying the initial conditions, it is again found

that [k] [d} = 0 and Equation (1-2) is reduced to

l-m]_3 +[_+ _] _3 : I-_,j(%) +[h-j u_ (I-3)

The solution of this equation with the right side equal to zero

yields the beam on elastic support modes. Transforming to modal coordinates,

as before, applying the orthogonality conditions, and transforming to position

coordinates yields the final form of the equations of motion for the beam on

elastic support modes.

-i T

{_<,,]i- _ I-m] _3
v

{o} I i
a {[i) (I-4)_--g
V
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The determination of vehicle loads and margins of safety from the solution of

Equation (1-4) is identical to the procedure previously described for free-free

modes.

A particular set of beam on elastic support modes can be used for

only one vehicle-shoe configuration. A change in shoe stiffness or shoe

location requires that an entirely new set of modes be computed. This is also

the case when the number of shoes is varied. Therefore, during launch, the

modal representation must change as each shoe exits from the tower.

These difficulties represent serious limitations on the use of

beam on elastic support modes. It was felt, however, that these difficulties

would be partially or totally compensated by an increase in the accuracy of

the vehicle loads when computed by modal summation (as was done early in the

study). Figure I-i shows the approximate bending moment distribution computed

by modal summation and the corresponding exact distribution computed by load

integration for a beam on elastic supports modal representation. Figure 1-2

shows the same two plots when free-free modes _re used. As can be seen from a

comparison of the two figures, there is no noticeable improvement in the

accuracy of the bending moments when beam on elastic support modes are used,

and this type of modal representation, therefore, has no advantages over the

use of free-free modes.

1-3 TIME VARIATION IN THE MODES

During launch the flight vehicle is losing propellant mass, and

therefore, the free-free mode shapes and frequencies, vehicle center of

gravity, and vehicle mass distribution change between booster ignition and

tower exit. The amount of such variation required evaluation to assess these

effects on the launch dynamics simulation.

The change in vehicle mass between booster ignition and tower

exit is less than 5_ of the total mass at booster ignition, as has been stated

previously. Also, the shift in vehicle center of gravity is 2.5_ aft of the

booster ignition cg. However, this amount of change in mass could conceivably

change the frequencies of some of the important bending modes, so that an

evaluation of the time variation in the body bending modes was required.
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The body bending modes for the Aerobee 350 vehicle were computed

for the booster ignition condition (t = 0.0 second). It was found that the

shift in natural frequency of the first seven modes was not greater than 8_.

Hence it was concluded that the body bending modes at tower exit are

sufficiently accurate for the entire launch simulation, and would yield the

most accurate results at or near tower exit, which corresponds to the

position where the maximum loads usually occur in the simulation. Table I-i

summarizes the comparison of the vehicle body bending modes between booster

ignition and tower exit.
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Table I-I

COMPARISON OF AEROBEE 350 MASS VARIATION, CG SHIFT_

AND BODY BENDING FREQUENCIES BETWEEN BOOSTER IGNITION AND TOWER EXIT

Mode

Number

i

2

3

4

5

6

7

Variation from

Booster Ignition Condition Tower Exit Condition Booster Ignition

Weight = 7116 ib Weight = 6830 ib

CG Station = 327.89 in. CG Station = 319.81 in. Weight Variation = 4 4

CG Variation = 2.5_

Modal Frequency (cps) Modal Frequency (cps)

0 0 0

0 0 0

4.44 4.27 -3.8

11.30 11.16 -1.24

22.00 20.23 -8.05

26.88 26.36 -1.94

40.57 40.53 -0.099
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Appendix II

LOAD COMPUTATION

II.1 USE OF Pe(X) and Ve(X ) TO ESTABLISH ACCURACY OF LOAD COMPUTATION

The solution of the equations of motion simulating the launch of

a flight vehicle from a launching tower expressed in modal coordinates yields

the vehicle displacements and accelerations in each mode directly. The total

displacement and acceleration of each mass point is then obtained by summation

over the modes. The resulting accelerations are used to compute the inertial

loading on the vehicle, while the displacements are used in determining the

shoe loads. When these loads are integrated four times (as required by the bi-

harmonic equation for beam bending to yield deflections) it is found that the

resulting vehicle displacements do not exactly match the vehicle displacements

computed from the equations of motion directly. The reason for such variance

is that not all of the body bending modes have been included in the simulation.

An estimate of this error will be made in this appendix by determining the ad-

ditional loading needed to produce an exact displacement check. In the limit,

when all of the modes are used, this additional loading, of course, becomes

zero. A comparison of the distributed bending moment will be made for solutions

obtained using six free-free bending modes and then using sixteen free-free

bending modes. The two rigid body modes are added to these making totals of

eight and eighteen respectively in the dynamic model simulating the launch from

the tower.

The loading distribution on the vehicle is given by

S .
" t

P(x_t) = m(x)y(x_ )-8(Xr) E kr [Yr (Xr) " Y(Xr_t)] (II-I)
r=l 0

where

P(x,t) = Total load distribution as a function of
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0, x_x

r

re(x)= Mass distribution as a function of body

lb-sec 2
station x 2

in.

S = Total number of riding shoes (r)

All other quantities in Equation (II-l) have been previously de-

fined. Now the loading on a distributed beam P(x) is

P(x,t) 8V(x,t) (11-2)
= 3x

AG

and the shear distribution for a beam possessing shear compliance -_- may be

expressed as

where

3 Yl )V(x,t) : AGk _-_-x-. - , (11-3)

= Cross-sectional rotation of beam elements

due to bending stiffness (El) only

_Y = e(x) or total beam slope
8x

Using Equation (11-3) in Equation (ii-2), we obtain an expression for p(x,t) as

P(x,t) = ;x k - , (11-4)

Because of modal truncation, it is found that the loading distributions com-

puted from Equations (II-1) and (II-4) are not exactly equal. The difference

in loading may be defined by an error loading distribution Pe(X) as follows:

Pe(x,t) : m(x)Y-_x k - _

S

- _(xr) z _ [Yr (Xr)- Y(Xr't)]
r=l o

(11-5)
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The deflections y and $ together with their second derivatives are determined

from the modal deflections by the following expressions:

M M

y(x,t) = _. _j(x) qj(t) _(x,t) : E _0j(x) _j(t)
j=i j=I

M M

_(x,t) = 7. _j(x) qj(t) "@(x,t) = _. _j(x) _j(t)
j=i j=I

where _j(x) and Cj(x) are the free-free beam deflection and cross-sectional

rotation mode shapes, respectively, including the rigid body translation and

rotation modes. The qj are the generalized coordinates: ql = Yc 3 q2 = ec'

_j = _j (J=3, 4,--_)

Substituting these expressions into Equation (11-5) gives

\

Pe(x,t) = _. re(x) _j(x) _j - _x k .- Sj(x) qj
j=l

s [Yro Xr ]- _(x r) 7, kr* - Y(Xrt)
r=l

The loading distribution in the jth free-free mode is:

_xx k a

which when substituted in the above gives

M 2

Pe(x,t) = E re(x) _j(x) (_j + _j qj)
j=l

S

8(x r) Z k* [Yr (Xr) - Y(Xr't)]
r=l r o

(II-6)

Another expression for the shear distribution on the vehicle is

3
V(x,t) = _ El _x - m(x) _ (II-7)
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where

EI = the bending stiffness (lb-in. 2)

&(x) = the distribution of cross-sectional moment of

of inertia about the cg of the. cross-sectiQn

as a function of body station Iiin'-lb-sec2|_ l

The difference between the shear distributions as computed by Equations (II-3)

and (II-7) is an error shear distribution Ve(X) which is again due to modal

truncation. Exactly the same procedure is used to obtain Ve(X) as used to ob-

tain Pe(X). The resulting expression for Ve(X) is:

M .. 2

Ve(X,t) = E _(x)Sj(x) (qj +_. qj) (II-8)
j=l J

(x_t) and V (x_t) are added to the loading and shear distributions_ re-When Pe e

spectively_ and these distributions are integrated to find the vehicle displace-

merits, these resulting displacements are identical to those found from the in-

tegration of the equations of motion at any time (t).

In order to establish the accuracy in computing the vehicle loads

and to obtain a measure of the required number of modes to describe the dynamics

of the problem_ a test case of the Aerobee 350 traversing one tower level on a

rail D distortion pattern was computed. This test case was run so that the

bending moment would be computed two ways.

a. The load distribution and shear distribution were integrated

not including P and Ve e

b. The load distribution and shear distribution were integrated

including P and V
e e

In addition, to study the effect of the number of modes, the case was run first

with eight modes and then repeated with eighteen modes. These modes, in each

case_ included the rigid body translation and rotation modes. Figures II-i and

II-2 show the bending moment distributions for these runs with eight modes and

eighteen modes, respectively.
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It will be noticed from these figures that, as expected, increas-

ing the number of modes used decreases the error loading needed to give an

exact displacement check, and that, whereas there is a large error loading in

the eight mode case, there is an almost negligible error in the eighteen mode

case.

The most significant result, however, is seen by comparing the

eight-mode and eighteen-mode cases where the error loadings were not included.

These two bending moment distributions match almost exactly_ Furthermore, the

error loading included distribution seems to approach this bending moment dis-

tribution as a limit when the number of modes is increased. Thus, it is es-

tablished that eight modes are as good as eighteen to calculate vehicle loads

(bending moment distribution) when the bending moment is obtained from double

integration of the load distribution. This is true even though the vehicle

displacement distribution cannot be considered accurately computed by the trun-

cated series. It is also concluded that the forces at the shoes, and conse_

quently the vehicle deflections there, are accurately computed by the eight

mode case as compared with the eighteen mode case, for otherwise there would

have been a noticeable difference in the bending moment distributions without

P and V for the eight and eighteen mode cases.
e e

An explanation for the above phenomenon is that the accelerations

in the higher modes (somewhat above the highest effective rail forcing fre-

quency) are negligible compared to the rigid body and first few body bending

modal accelerations. Thus, the loading distributions_ which depend only on the

shoe forces and resulting vehicle mass times acceleration forces will be ac-

curately simulated by the smaller number of modes_ and consequently_ the dy-

namic load simulation of the vehicle launch from the tower can be accurately

performed with a total of eight modes.

The vehicle deflection distribution is somewhat in error. For

this reason, not too much reliance can be held as to the results obtained con-

cerning vehicle clearances. To overcome this accuracy would require a very

comprehensive treatment of the problem from a digital computer standpoint_ in

which a "quasi-static" bending distribution function is introduced as an addi-

tional coordinate in the problem. This function would retain the higher mode
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stiffness properties of the beam while rejecting the inertial accelerations in

such modes. A somewhat detailed manuscript formulation of the problem includ-

ing "quasi-static" bending has indicated that the present launch dynamics

simulation would require considerable modification, and the running time would

be greatly increased. It has not been evident that the gains to be made by

such an improvement would fully justify such an effort.

To indicate the magnitude of error introduced into the deflection

distribution by ignoring "quasi-static" bending, a run was made for an eight-

mode case where the deflection distribution functions were computed by further

and V ) at a time cor-integrating the load distributions (with and without Pe e

responding to the vehicle having traveled 3.8 tower levels on a rail D distor-

tion pattern. The rigid body translation and rotation were subtracted out and

the resulting vehicle bent shapes are shown in Figure II-3. The greatest differ-

ence in deflection between these two deflection curves is at the vehicle nose

where there is a factor of 2 differences. For the most part, however, the re-

sults are in good agreement, especially in the more restrained portions of the

vehicle.

11.2 LOAD INTEGRATION vs MODAL SUMMATION TO DETERMINE VEHICLE SHEAR

AND BENDING MOMENT

The vehicle shear and bending moment distributions shown in

Section 5 of this report were computed by integration (discrete summation) of

the loading distribution (including the shoe forces and the vehicle kinetic

reaction forces). This method is discussed in detail in Section 3.3 of this

report.

Another method of calculating the shears and bending moments,

which was considered during the early phases of the study, is the method whereby

the modal components of shear and bending moment are calculated from the dynamic

body bending coordinates, _j(t), and the modal distribution functions of shear

and bending moment Vj(x i) and _.(xi) , respectively. The resulting modal com-
J

ponents are then summed together to yield the total shear and bending moment.

The mathematical expression for this process is:

SGC 379TD-1 Page 11-8

I



I
I
i
I

I

I
I

I
I

I
I

I
I

I

I

I
i

I
I SGC 379TD-1 Page II-9



I
I

I
I

I
I

I

I
I
I

I
I
I

!

I
l

1
I

where

V(xi,t ) =

MB(xi, t ) :

V(xi,t ) =

_(xi,t) =

Vj(x i )

M

7, Vj(xi) _j(t)
j=l

M

X _ (xi) _j(t)
j=l j

I
Total shear at the ith station at time t

Total bending moment at the ith station

at time t

= Modal component of shear at the ith station

in the jth mode per unit deflection at the

nose of the vehicle

(11-9 )

(_)

(in.-ib)

(Ib/in.)

(xi) = Modal component of bending moment at the (in.-ib)_j ith station in the jth mode per unit de-

flection at the nose of the vehicle in.

_j(t) = Generalized deflection at the nose of the (in.)

vehicle due to body bending in the jth mode

The modal summation method can readily be seen to be the simplest

approach numerically, because the modal components of body bending _i(t) are

calculated solutions of the equations of motion in the digital program by Runge-

Kutta integration, and the components of shear and body bending are simply pro-

portional to these solutions through the shear and body bending mode shapes,

which are stored in the computer and utilized whenever needed. However, it was

found that the above method was unsatisfactory because the set of modes used was

not complete. By this we mean that the number (N) of stations (i) having lumped

inertias (Mi, li) was greater than the number (M) of modes (j) used. Thus, the

number of degrees of freedom is not fully described by the incomplete set of

modal transformation coordinates. Equations (11-9) are truncated series of the

complete solutions.

Now, the above process of series truncation is usually without

serious error when the loading functions are continuous, but the requirement

of step-wise shear discontinuties at the three shoe supports of the launch

vehicle and the bending moment discontinuities required by lumped moments of
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inertia at certain stations_ would necessitate the use of a very large number

of modes to closely approximate those discontinuities. Since the loads on the

vehicle at the shoes are of fundamental interest s the above approach must be

discarded as requiring a disproportionately large number of modes to adequately

describe the situation.

It should be pointed out that the truncation of the series de-

scribing the deflection_ y(xj_t), of the vehicle is sufficiently accurate to

adequately describe the dynamic position of the vehicle at its riding shoes in

the tower_ and since the loads on the tower are computed from the differential

deflection of the vehicle with respect to the distorted rail at the locations

of the riding shoes_ the loads on the tower are accurately computed. The ve-

hicle shear and bending moment_ however_ are_ in effect_ third and second order

space derivatives of the vehicle deflection distribution. Thus_ the rate of

convergence of the shear and bending moment series is greatly reduced.

To illustrate the inaccuracies of the modal summation technique

to determine vehicle shear and bending moment_ Figures 11-4 and II-5 show the

shear and bending moment distributions computed both by the modal summation

technique and the load integration technique of Section 3.3 of this report.

The particular representation considered utilized eight free-free bending modes

at a time when the entire vehicle had moved one tower level from lift-off. From

these figures_ it is readily seen that the modal summation loads are quite in-

accurate_ particularly at the maximum load points.
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Appendix III

IN-TOWER LAUNCH DYNAMIC ANALYSIS DIGITAL

COMPUTER PROGRAM D-50

Digital computer program D-50, entitled "In-Tower Launch Dynamic

Analysis_" has been specifically developed for the determination of the in-

tower dynamic response and vehicle loading produced during the initial phase

of launch of the Aerobee 350 sounding rocket. The program is written in the

FORTRAN F-4 system and is intended for use on digital computers (such as the

IBM 7040) which have a 32K core storage.

The program integrates the equations of motion in modal coordinates

to determine the dynamic response of the vehicle. The solution is then trans-

formed to physical coordinates and used in computing the time history of shear

and bending moment at all vehicle stations as well as the clearance between the

vehicle and rails. In addition, the margins of safety at all stations of in-

terest are computed.

The basic equations used in the program have been developed in

Section 3 of this report and will not be repeated here. The nomenclature used

in the program, however, differs in many cases from tlhe nomenclature used in the

analysis. Therefore every variable used in the program s other than most indices

and the input variables3 is listed and defined in Table III-i. Also shown is

the maximum allowable size of each variable. The variables are listed in the

order they appear in the program listing. The program flow charts are shown

in Tables 111-2 through 111-6.

The input data to the program, consisting primarily of shoe stiffness

data, bending mode data, rail deformation data, and vehicle velocity and strength

data is listed and defined in Table 111-7o In order to insure the proper handling

of this data a more complete description of its usage is given below:
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a.

b.

C.

The tower, in the program, is divided into NT equal intervals.

The number of intervals per tower level is (I/TDELTA) and must

be an integer. For example, for the Wallops Island Tower,

which has twenty levels, if the interval TDELTA, was .125

tower levels, then NT would be 160. The vehicle axial velocity

and tower rail deformation are input at each interval and the

coefficients to the equations of motion are computed exactly

in the program at every interval. A second interval, DELT,

which is finer than TDELTA, is needed for the numerical in-

tegration of the equations of motion. The coefficients of the

equations of motion at each DELT are found by linear interpo-

lution between the TDELTA intervals. The number of integration

intervals per tower level must be an integer.

The program will accept either free-free modes or beam on elastic

support modes. In the case of the free-free modes, the rigid

body modes and the rigid body generalized masses are computed

internally. The number of bending modes, N, therefore, is two
less than the total number of modes when free-free modes are

used, but is equal to the total number of beam on elastic sup-

port modes. The modal data is, in general, produced by digital

program, which punches the station, and modal slope and deflec-

tion data on cards in a IPgEI4.7 format. It also punches the

modal shears and bending moments, which are not used, and are

therefore read in as the du_ _ variables PI and P2 to eliminate

the need for using additional core storage. The generalized

masses. BARMM, and resonant frequencies, OMEGAM, associated

with the bending modes are not punched on cards, and must there-

fore be input separately. The weight, WT_ and pitch moment of

inertia, PINERT, distributions must correspond exactly to the

weights and pitch moments of inertia used in computing the modes.

Also, each of the shoe locations, X, must correspond to one of

the stations used in the modal analysis.

The program provides the option of using either measured rail

deformations or a sinusoidal rail. When measured rail deforma-

tions are used, the deformations are input at every tower level

interval from zero to tower exit. The total number of deforma-

tions input is therefore NT + i. When a sinusoidal rail is used,

the frequency, FREQ (in cps), and amplitude, AMPL_ of the rail

are input. The rail, itself, is generated internally in the

program° Because of the change in axial velocity as the vehicle

moves up the tower, a given rail, fixed in space, cannot excite

each shoe at the same frequency. The sinusoidal rail generated

in the program is computed so that the first shoe is excited at

the desired frequency while the other shoes are excited at some-

what different frequencies.

I
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do The margins of safety computed by the program are, for the

most part, determined from a simple expression which has

the axial loading contribution (considered to be constant)

removed and is written only in terms of the allowable and

actual bending moments. At each of these stations, the al-

lowable bending moment, ALLBM, is provided as input to the

program. At several stations, however, more complex ex-

pressions for the margin are needed. The total number of

these stations is NXCR. Each of these stations is located

by the use of NSXCR_ which identifies a station as being the

NSXCRth station in the total station array, EX. The code

number, NC_DE, associated with each station at which a com-

plex margin of safety expression is used, identifies the

expression to be used. As presently programmed_ the code
numbers and their associated stations are shown in the

table below. When there are double stations, the same code

number is used for both stations.

NCODE Station Structural Item

156 Helium Tank Head

421 Aft Ring

437 Tail Structure Struts

4 450.5 Tail Structure Aft Ring

5 451.6 Thrust Structure Forward Ring

6 454.6 Thrust Structure Strut

7 454.6 Forward Ring Socket

e. The program provides the option of a complete printout,

or limiting the printout to a summary of the results.

The limited printout provides the shoe forces, the maximum

shears and bending moments, and the minimum clearances

and margins of safety at each station for the entire simu-

lation. In addition to this, the complete printout shows

the modal displacements, velocities_ and accelerations, as

well as the margin of safety, clearance, shear, bending

moment_ displacement, and acceleration distributions at

every non-dimensional time.

The running time of the program is a function primarily of the

number of modes, the tower level interval_ the height of the tower, and the in-

tegration interval. For a simulation up the entire Wallops Island Tower (20

levels) using seven total free-free modes, a tower level interval of 0.125 tower

SGC 379TD-I Page 111-3
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levels, an integration interval of 0.0125 tower levels_ and a complete printout_

the running time on the IBM 7040 is approximately 45 minutes. The same simula-

tion with minimum printout takes about 18 minutes.

Non-dimensional time in the program is in the units of tower

levels, but it would be clearer to think of it in tower levels from liftoff.

The shear distribution at time = 7._ tower levels represents the shear distri-

bution when the vehicle has risen 7-5 levels from liftoff. It does not repre-

sent the shear at each station when that station passes tower level 7.5- The

same is true, of course, for all other quantities presented as functions of

non-dimensional time.

Table III-i

NOMENCLATURE

PI

EL

D
N._

T(215)

m(4, 12)

WAIT

W1

CG

N2

F JAN

TLEVEL

_M
DISTL

DISTI

DIST2

3.1415926

Length of tower level (ft)

Constants in the expression for the rail stiffness

NT+I

Non-dimensional time (tower levels)

Modal deflection at the shoe locations

Total vehicle weight (lb)

NX

_. EX.
1 1

i=l

Center of mass (inches)

Total number of modes

(1/Velocity) 2 where the axial velocity is measured

as inches/tower level,

Total number of tower levels

Sinusoidal rail frequency (rad/sec)

Distance between aft end of the vehicle and first

shoe (tower levels)

Number of tower level increments between aft end of

the vehicle and first shoe

Number of tower level increments between lift-off

and sustainer ignition

SGC 379TD-I Page 111-4
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KL1

_n( 215 )

TID_ (24)

TI (24)

DIST

K2

U

K3

RATI_

YRZ (4, 215)

6_K (4,215)

RELK (215, 4)

STARK (215, 4)

TEE (4, 12)

B_N (12)
TTRA_ (12, 4)

scRAPl (12, 4)

SCRAm (12, 4)

0m_ (12)

TKBAR2 (12, 12)

SGC 379TD-I

Table III-i (Continued)

NOMENCLATURE

Number of tower level increments between aft end of

the vehicle at liftoff and the first shoe at sustainer

ignition

Inverse of rail stiffness (lb/in.)

Twice the total number of modes

Modal velocity for TID_T (l_ 3, 5_ ..... )

Modal acceleration for TID_T (2, 4_ 6_ .... )

Modal displacement for TI (l_ 33 5_ .... )

Modal velocity for TI (2, 4, 6, .... )

Distance between aft end of vehicle and each shoe

(tower levels )

Total number of tower level increments

Number of tower level increments between the aft end

of the vehicle and each shoe

Number of tower level increments between the bottom of

the tower and the first shoe at vehicle tower exit

Remainder of U beyond last whole tower level increment

Rail deformation as a function of tower levels from

liftoff for each shoe

Rail stiffness under each shoe as a function of tower

levels from liftoff

Equivalent shoe-rail stiffness for beam on elastic

support modes

Equivalent shoe-rail stiffness for free-free modes

Matrix of eigenvectors, IT]

Inverse of generalized mass, LM1-1

Transpose of IT]

LM]-I [T]T [K*] for free-free modes

LM_-1 IT] T [KI*] for beam on elastic support modes

LM]-IIT]T [K*] [yro]

-_7 -I [T]_ L_*7 IT] + L27 for beam on elastic

support modes

Page 111-5
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6_I (12)

_l (12,12)

IPC

ICCN

IPRINT

TIME

LN

LTl_
LT2 J

C (2_-)

TABC

TBCD

T0"DE

ZETA (12, 12 )

PC (12)

sum (24)

RK (24, 4)

s¢_ (12,215)

SCAL_,

SCALEI

SCALE2

_DCT (12, 215)

VEL

ACT

NXX

STA ( 198 )

SMAX (99)

SGC 379TD-I

Table III-i (Continued)

NOMENCLATURE

TKBAR2

Print control for the number of cases per page

Print control to count the number of integrations

Number of times to integrate between printing

Non-Dimensional time from liftoff (tower levels)

Counter for the number of tower level intervals

Counters for the number of tower level increments

Runga-Kutta weighting increment

TDELTA

Remainder of TIME beyond the last whole number of

tower level intervals (tower levels)

Reminder of TIME beyond the last whole n1_mber of

tower level intervals (tower level intervals)

Coefficient of the Modal displacement,

Generalized force

Modal displacement term in the equation of motion

Runga-Kutta extrapolations

Solution of the modal equations of motion

Scale factor to change units of modal velocity to

in/sec

Scale factor to change units of modal acceleration

to g's

Scale factor to change units of modal acceleration

to in./sec 2

Modal acceleration in time coordinates (in./sec 2)

Modal velocity (in./sec)

Modal acceleration (g's)

Number of stations in double station array

Double station array

Maximum shear at each station for the entire

simulation
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Bmx (99)

SMIN (99)

CMZN (99)

FE (99)
QE (99))

ANGACC (99)

ACC (99)

_d_Is(99, 2)

F (4,21_)

D_,L_ea_(4, 215)

DEL_ (4,215)

CLOAD (198)

SHEAR (198)

M_
SCRAT2 (198)

CM_M

SCRAT (198 )

BENDM (198)

TIdlST

STN (99)

P_S (99)

D2

CLEAR (99)

SAFETY (99)

SGC 379TD-1

Table III-i (Continued)

NOMENCLATURE

Maximum bending moment at each station for the entire
simulation

Minimum margin of safety at each station for the
entire simulation

Minimum clearance at each station for the entire

simulation

Additional loading necessary to produce a deflection
check

Pitching acceleration (rad/sec 2)

Lateral acceleration (in./sec 2)

Lateral displacement (inches) and rotation (radians)

Shoe force (ib)

Rail deflection (inches)

Compression of the shoe spring (inches)

Loading distribution

Shear distribution

Always 1

Pitching acceleration portion of bending moment dis-
tribution at even numbered double stations (in.-lb)

Pitching acceleration portion of bending moment
distribution at odd numbered double stations (in.-lb)

Total bending moment distribution due to pitching

acceleration (in.-ib)

Bending moment distribution (in.-lb)

Total number of tower level intervals

Distance between each station and the aft end of the

vehicle (tower levels)

Position of each station above the bottom of the

tower at any time (tower level intervals)

Remainder of P_S above the last whole tower level

interval

Clearance between the deflected vehicle and the

rail (inches)

Structural margin of safety
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V

EM

JI

SAFEI

SAFE2

RI

UI

TANI

BMMAXl _
FBI

FC1 |

_JW1

Fill.

R2

U2

TAN2

BMAX2

FB2

FC2

AK2

W2

FH2

TF_XS (99)

TMAXB (99)

TC (99)

TS (99)

SGC 379TD-I

Table III-i (Continued)

NOMENCLATURE

Absolute value of shear

Absolute value of bending moment

Control character directing the use of the complex

margin of safety expressions

Margin of safety in upper portion of structure

Margin of safety in lower portion of structure

Quantities in margin of safety expressions

Quantities in margin of safety expressions

relating to the upper portion of the structure

Quantities in margin of safety expressions re-

lating to the lower portion of the structure

Non-dimensional times at which the maximum

shears occur (tower levels)

Non-dimensional times at which the maximum

bending moments occur (tower levels)

Non-dimensional times at which the minimum

clearances occur (tower levels)

Non-dimensional times at which the minimum margins

of safety occur (tower levels)
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Table III-2

FLOW CHART

The program may be broken up into four basic areas:

READ AND GENERATE THE BASIC DATA

COMPUTE THE COEFFICIENTS OF THE EQUATIONS OF MOTION

INITIALLY ANDAT THE FIRST TOWER LEVEL INTERVAL

SOLUTION OF THE _,_DDAL EQUATIONS OF MOTION

DETERMINATION OF THE VEHICLE AND SHOE LOADS,
CLEARANCES AND MARGINS OF SAFETY

The complete flow chart for each of these areas is shown in the

following pages.

SGC 379TD-I Page III-9
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Table 111-3

RF_D AND GENERATE THE BASIC DATA

Cq

H
H
H
I

0

'-ReadContro-1 Informat ion k300

- I \ /"
_Generate non-dimensional times /90

[_Readshoe iocation_s and stiffnesses_dl

IRead total number Of stations and station number of the shoe locations _

,/ \

Test for type of mode _ll

obj.,
o_ Free-Free Modes j iBeam on Elasti.c-Foundation Modes

8B_5 Read " _ ......................... Iin free-free bending modes, leaving[ [ReadF..........................................in beam on elastic_ foundation modes k_'01"/

/ jroom in matrix for the rigid body modes I

....... [........... _-f; Z;.-........ ,_
[ Sel-ect the moda-/--deflections at- the shoe_81

tread vehicle weight, pitch moment of inertia,

[_and_allowable_bendi_n_. moment distributions _9

Read the total number of stations which have complex margin of safety I _

expressions_ the number of each of these station locations# and a

code number for each to indicate the expression to be used for each

station.

'co..................... |............ /
L repute vehicle weight and center of gravity _4........;....................T .............................

[Test_fortn_ of_9
f ............................... __..... ---.I __--_.--.............

i__

_Free-Free Modes] IBeam on Elastic Foundation Modes_

enerate the rigid bod_ mo@esj

Select the modal deflections at the shoes ] [Re_d the generalized masses and natural_

........ Ifrequencies of the bending modes I_

6 _-. Compute the generalized mass in the rigid body I35_modes and set the rigid body frequencies to zero

-"-.IRead the generalized

5D]of the bendin_ modes masses and natural frequencies _

!

LRead tower level and vehicle axial velocity
• 2

!
I Compute scale factor used in transformation from time to position coordinates <77/8

W........................- "..... \
[Compute total number of tower levels_8

.... _8_Test for type of rall

3  ad into erlevelandme s .od1_' rail deformation

_ _...............
120d Determine inverse of rail stiffness I

/z :a s a function of tower level I

.......... j ....

[Sinusoidal Rail_

| \ /
!

[ Read in rail amplitude and frequency _._O2

t

Generate zero rall deformation from bottom_4of the tower to the first shoe at liftoff

61_[Gendrate sinus0idal rail in two steps----_rom " I
_first shoe at liftoff to first shoe atposition

[sustainer ignition and from here to tower exit

!

9_qOq_etermine inverse of rall stiffness as a_on_fftower level

I

l Zeroout-ti:e-modal displacements _,.............. velocities and accelerations

................ -]- /

Read in th_ integration interv_l_ _xi_l acceleration, a_--i-n-i_t_ia_l_onditions_O7

..... t,........................................Write Out the inp_ data ands .....................generated data ]_-" ...................................

! Generate the rail deformation and inverse of the rail stiffness at 2

.__each shoe as a function of tower level from liftoff _ .

I Set the rall deformation to zero and the inverse of the rall _z
i stiffness to a large number as a shoe leaves the tower . 3

Compute the-equivalent shoe-rall stiffness for beam on elastic support-modes

C0mpute the equi_valent__shoe-rail stiffness for free-free modes
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Table 111-4

COMFUTE THE COEFFICIENTS OF THE EQUATIONS OF

MOTION INITIALLY "AND AT THE FIRST TOWER

LEVEL INTERVAL

I-I
I-I
I-H
I
i-J

15_.-_'-ree-_ee Modes J

15_3 Generate matrix of eigenvectors at shoe locations 1
/

[_eAo_-E_ia_ticsuppo_Mode_

1
I Gen, ra?_e _t_ri_i!!L_i_ctors at shoe locations _,_

Compute LMI -I

I , /I Free-Free Modes _802

I
[ Compute [Mn -I IT] T [K*] IT] _"

,/

: Generate transpose of IT] _0

[M1-1[TlT _oCompute

VSet K=l _O

• --_ C----_pute-LMI -I IT]" [K*] _0.

L c_ompute._L_Ml-I [T] T [K*] {Yrof_

[ _e_t_ort,_ o_mo_e_
]

I /

F-_est_orK_0
E

--_ Store the coefficients in QMTI and TKBARI _6

I-Beam on Elastic Support Modes

Compute LXl-I [T] [KI*] J_4_

!

[Compute [M] -I [T] T [KI*] [T] _0

[O_ner.te-_'-_[_l_%*IE_]

[Comp_te,L,7-__ _-_-_ +L.__

_Coefficients remain stored in QMT2 and TKBARR _i

...................................... i

F_ansform the coefficients and initial conditions

)to position (non-gimensional time) coordinates _'._
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Table 111-5

SOLUTION OF THE MODAL EQUATIONS

OF MOTION

F_
0_

H
H
F-H
!

ro

/
/

[ Set control characters to initial values_O0

, /

[Compute numb-e-r-of integrations per tower level interval (also per printout)_00
\

34_uTe st___or_ _9-_on___i_len sional time

_reater than the last tower level 7

343/linterval at which the coefficients)

- lhavebee nde____t__rmined have been determined

!
34_v_Ute the coefficients of the ]

tion of motion at the next tower I

_!_ ipt.e_ryal__as_s_h°_ on pre_vious pag__
!

Less than the last tower level 1I_._
interval at which the coefficients _342

the coefficient_

Linearly interpolate between the values of

at the tower level intervals to obtain the coefficients at

the correct non-dimensional time

_n-tegrate the equations of motion using Runga-Kutta integration

IStepprintcontrol]_O

[Test print control __680
l

40_Not equal to the number of integrationsper tower level interval

!

ITest for printout of modal solution 1931

61_Equal to the number of integrationsper tower level interval

62_Store modal displacements andaccelerations in time coordinates

L ..................

• Write out_thJ modal displacement,l

62_elocity_ and acceleration I

...................... I I_I_-TT ! ,/

Llncrementthe number of tower level intervals _641

/

[ Set print control to zero _i

I Test the number of tower level intervals ] 6_I
T

Equal to the total numberof tower level intervals

40_5_5Less the total number of tower
4_ level intervalsthan }_
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Table 111-6

DETERMINATION OF THE VEHICLE AND SHOE LOADS_

CLEARANCES_ AND MARGINS OF SAFETY

@

H
H
H
!

k_

[ Generate double station array ]_

a_n_Setinitial values of the maximum shear and bending moment _q

/

_-e_L_he non-dimenslonal time to the first tower level interval I_BO

//

NTA " I Compute the lateral and pitching acceleration _07

Lin_ _h__s i cal cpprd i__a_t e s_

Compute the lateral deflection and slope in_6physical coordinates

_Co_e the additional loading necessary to produce a deflection check

--
Dete_ine-the-shoe loads, rail deflection, l_/_

nd compression of the shoe springs _

IDeterminethe vehicle load distribution

i
[Determine the vehicle shear distributionS6

L De_termine the vehicle bend!_ moment distribution
//

ICompute the distance between each vehicle station _12
m

Land the aft end of the vehicle

termine the number of tower level intervals

Iftom each station to the bottom of the tower

........................ _-

T_-est to see if the station being examined has _06

lexlted from the tower J_

[set the clearance equal to a large number ,_ 9 Compute the clearance between the deformed _08

I vehicle and the deformed rail
I\

]

[ Test for bending moment
[

t..........4
[Equal,tozero[__4. , Not e_ual]tozero$

ISet the mar_in of safety to a lar6e number _ ICompute the margin of safety using the slmple_3 /

[ T | expression [
I

Set control characters to the location and I /_

code number of the first station at which a complex

mar_in of safety expresslon is used

!
_GO to the indicated mar_in of s__a_fety expression ,_0 to 878

I Compute the margin of safety 1

t

t-
..... 4 Increment control characters J

'ITest for printout- 1

Print vehicle loads, clearances, and

L____r_In_s of safety _=_
V

I Compare the bending moment, shear, clearance I

_nd margin of safety distributions with the _ i/

values at previous times. Store the max. _29

bending moment and shear and the min. clearance] \

and mar_in of saf_ety__at_7_each station.

Increment the t°weiVlev--el %nterval I_O

Write the shoe loads, rail deflection, and I/_ o

compression of the shoe for each shoe.

!

I bending moments and the min. "-I //
Write the max. shears and

clearances and margins of safety and the non-dimenslonal _13

I time at which they occur. ]\
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